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Abstract   
 

A single cut sets off a cascading signal in our body to initiate healing. This happens every 

day without us realizing it. Only when these finely regulated system dysfunctions do we realize, 

arising in an infection or disease. This is also the case with atherosclerosis, plaque build-up within 

the arteries causing serious complications. Atherosclerosis is on the rise, affecting a growing 

number of younger individuals, leading to a diminished quality of life, substantial pain, and 

numerous serious accompanying comorbidities. Accumulation of fatty deposits, endothelial cell 

dysfunction, and inflammation causes the artery to close and constrict blood flow causing 

significant health problems such as limb ischemia and chronic wounds.  

Typically, a metal stent forces the artery open, successfully saving millions of lives. 

However, stents further damage the artery and can lead to in-stent restenosis and thrombosis. But 

what if we could bypass this dysfunction and injury by providing the proper genes your artery 

needs to recover? Baculoviruses, extracted from insect cells, have the potential to do just this. 

These biosafe, non-replicative, non-integrative, low-cost vectors can effectively be engineered to 

express human genes. The baculovirus gene delivery system was found to be safe with no signs of 

inflammation, hemolysis, thrombosis, genotoxicity, or cytotoxicity. The baculovirus safety and 

gene expression can be further improved by encapsulating the baculovirus in an engineered 

biocompatible and biodegradable polymer. A baculovirus polymer hydrogel system was 

developed to control and sustain baculovirus delivery. The three genes selected (ADAMTS13, 

NOS3, and VEGFA) showed favourable properties including angiogenic, prolific for endothelial 

cells, and regulatory for smooth muscle cells. The genes also prevented reactive oxygen species 

(ROS) production in both cell types and C-reactive protein (CRP) production in endothelial cells. 
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By coating these baculoviruses onto a stent, healing can be promoted and the significant morbidity 

associated with peripheral and coronary artery disease can be prevented.  

The novel stents investigated here were proven safe and efficient. The stent system also 

demonstrated favourable therapeutic properties, including anti-thrombotic, anti-inflammatory, and 

anti-restenotic. These therapeutic properties suggest a promising alternative stent system for 

mitigating current complications.  
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Résumé  
 

Une seule coupure déclenche un signal important dans notre corps pour initier la guérison. 

Cela arrive tous les jours sans que nous nous en rendions compte. Ce n'est que lorsque ce système 

très régulé dysfonctionne que nous nous en rendons compte, à cause d'une infection ou d'une 

maladie. C'est également le cas avec l'athérosclérose, l'accumulation de dépôts gras 

Athérosclérose, le dysfonctionnement des cellules endothéliales et l'inflammation provoquent une 

UHVWULFWLRQ� GH� O¶pFRXOHPHQW� VDQJXLQ� GDQV� O
DUWqUH� HW� SHXW� HQWUDvQHU� GHV� SUREOqPHV� GH� VDQWp�

importants tels qu'une ischémie des membres et des plaies chroniques. 

En général, un stent métallique est utilisé pour forcer l'ouverture de l'artère et a sauvé des 

millions de vies. Cependant, cela crée d'autres dommages à l'artère et peut entraîner une resténose 

et une thrombose intra-stent. Mais et si nous pouvions contourner ce dysfonctionnement et cette 

blessure en fournissant les protéines appropriées dont votre corps a besoin pour guérir? Les 

baculovirus, extraits de cellules d'insectes, ont le potentiel de faire exactement cela. Ces vecteurs 

non-toxiques, non réplicatifs, non intégratifs et à faible coût peuvent être conçus pour exprimer 

des gènes humains de manière efficace. Ces gènes sont utilisés pour synthétiser les gènes 

nécessaires à la guérison. Le système de distribution de gènes de baculovirus s'est avéré sûr, sans 

signe d'inflammation, d'hémolyse, de thrombose, de génotoxicité ou de cytotoxicité. La sécurité et 

l'expression des protéines peuvent être encore améliorées en encapsulant le baculovirus dans un 

polymère biocompatible et biodégradable modifié. Un système d'hydrogel avec baculovirus a été 

développé pour contrôler et maintenir la distribution du baculovirus. Les trois gènes sélectionnés 

(ADAMTS13, NOS3, et VEGFA) ont démontré des propriétés favorables, dont une angiogenèse 

plus marquée, la prolifération de cellules endothéliales et la régulation des cellules musculaires 

lisses. Les gènes ont également empêché la production d'espèces réactives de l'oxygène (ROS) 
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dans les deux types de cellules et la production de protéine C-réactive (CRP) dans les cellules 

endothéliales. En enrobant des baculovirus exprimant des gènes régulateurs sur un stent, la 

cicatrisation artérielle peut être favorisée et la morbidité significative associée à la maladie 

artérielle périphérique peut être évitée. 

Les nouveaux stents périphériques étudié ici s'est avéré sûr et efficace. Le système de stent 

a également démontré des propriétés thérapeutiques favorables, notamment anti-thrombotiques, 

anti-inflammatoires et anti-resténotiques. Ces propriétés thérapeutiques suggèrent un système de 

stent alternatif prometteur pour atténuer les complications liées aux stents. 

 
 
  



 

 6 

Acknowledgments 
 

Thank you to everyone who supported me throughout my career and studies. I could not 

have done it without you.  

First, I would like to take this opportunity to express my deepest appreciation and gratitude 

to my supervisor, Dr. Satya Prakash. Thank you for your invaluable support, feedback, and 

guidance throughout my time at McGill University. Thank you for your unwavering 

encouragement and for pushing me in every aspect of my work and self-improvement. I also thank 

my thesis committee members (Dr. Nicole Li-Jessen, Dr. Rosaire Mongrain, and Dr. Robert J. 

Funnell) for their feedback and support. I would also like to acknowledge the faculty and staff of 

Biological and Biomedical Engineering for their support and guidance. Moreover, this work would 

QRW� EH� SRVVLEOH� ZLWKRXW� WKH� IXQGLQJ� VXSSRUW� IURP� 0F*LOO¶V� %0(� GHSDUWPHQW�� WKH� &DQDGLDQ�

Graduate Scholarship MaVWHU¶V��16(5&���WKH�&DQDGLDQ�*UDGXDWH�6FKRODUVKLS�'RFWRUDO��16(5&���

Fonds de Recherche du Québec - Nature et Technologies (FRQNT), and the research grant 

awarded to Dr. Prakash and Dr. Shum-Tim by the Canadian Institute of Health Research (CIHR).  

Thank you to my friends who were a welcome happiness throughout the years. Thank you 

to my fellow lab members (Paromita, Jacqueline, Rahul, Karan, Merry, Waqar, and Ahmed) for 

hearing me out, the support, and a good laugh when we all needed it. Thank you to Dr. Michelle 

Tran for guidance with the thesis writing and submission process.  

I would also like to thank the several labs that allowed me to work with them and access 

their equipment. Specifically, the Neuro Institute and C-BIG Repository; Dr. Kelly Sears and Dr. 

'DYLG�/LX�DW�WKH�)(05��'U��0DU\DP�7DEUL]LDQ�DQG�0LFKDHO�<LWD\HZ�LQ�WKH�%LRPDW¶;�ODE��'U��

Nicholas Audet in the McGill University Imaging and Molecular Biology Platform (IMBP); Petr 



 

 7 

Fiurasek and Robin Stein in the Chemical Characterization Facility; and Prof. Richard /HDVN¶V�ODE�

including Brenden Moeun and Kevin Bates.  

Finally, thank you to Maple for making me smile every day and being the best welcome 

home after long days in the lab. Lastly, to my parents, who gave me every opportunity they never 

had and worked endlessly to give me the best life possible, a thank you will never be enough. 

Thank you for listening to my every problem and even troubleshooting experiments with me. I 

could not have done it without you. A thank you will never be enough. I am forever grateful to my 

family for their unconditional love and support.  

  



 

 8 

Preface 
 

This WKHVLV�ZDV�SUHSDUHG�LQ�DFFRUGDQFH�ZLWK�0F*LOO�8QLYHUVLW\¶V�WKHVLV�JXLGHOLQHV��There 

are twelve chapters in total. The thesis is manuscript-based, including five original articles. I am 

the first author of the five included papers. Each article contains an abstract, introduction, methods, 

results, discussion, and conclusion. The thesis also includes a general introduction, literature 

review, discussion, conclusion, contributions to knowledge, and references.    
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CHAPTER 1: General introduction  
 

This thesis will investigate treatment options for atherosclerotic (arterial plaque build-up) 

progression illustrated in  

Figure 1. Specifically, peripheral stents, cardiac stents, and wound dressings were designed 

and optimized using natural polymers and baculovirus gene therapy. The three medical devices 

were optimized for their safety, efficacy, and therapeutic dose. Suitable properties for a chronic 

wound dressing were achieved and investigated during this optimization stage, mainly fluid 

control, cell regeneration, and antimicrobial properties. The novel stent designs tackle one of the 

main unaddressed complications of current stents, endothelial dysfunction, using baculovirus gene 

delivery.  
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Figure 1. Atherosclerosis; three main treatment options investigated in this thesis  

Atherosclerosis 

Atherosclerosis is defined as the narrowing of peripheral or coronary arteries leading to an 

obstruction of blood flow. Atherosclerosis pathology occurs within the arteries' three layers: the 

tunica interna, tunica media, and tunica externa (also known as the adventitia). The inner layer, 

tunica interna, mainly comprises endothelial cells that form a confluent layer and are in contact 

with the flowing blood. The tunica media comprises mostly smooth muscle cells (SMC) and elastic 

fibers that allow the artery to stretch. The arterial narrowing may be attributed to four key factors 

within these layers: calcification, inflammation, endothelial dysfunction, and SMC 

hyperproliferation. 

Atherosclerosis is a complex process involving several mechanisms, including endothelial 

dysfunction, inflammation, neointimal hyperplasia, and thrombosis (depicted in Figure 2). During 

the initial stages of atherosclerosis, endothelial dysfunction occurs due to several factors, such as 
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elevated low density lipoprotein (LDL), free radicals, hypertension, stress, obesity, diabetes, 

infection, and more [1]. The high LDL levels and endothelial dysfunction cause the medial layer 

to hyperproliferate (termed neointimal hyperplasia). Endothelial dysfunction also impairs 

vasodilation and vascular resistance. The LDL continues to accumulate in the artery and 

commences an inflammatory reaction. The activated immune cells translocate into the 

subendothelial space. Particularly, monocytes are known to translocate and differentiate into 

inflammatory macrophages [2]. The macrophages take up the LDL and differentiate into foam 

cells. The foam cells release more growth factors and cytokines, promoting SMC migration and 

proliferation, contributing to neointimal hyperplasia and restenosis. 

During SMC migration, extracellular matrix remodeling can also occur, leading to stiff, 

stenotic, and calcified blood vessel walls. The macrophages can become overextended and 

undergo apoptosis, releasing pro-thrombotic factors, damaging microvessels, and contributing to 

a necrotic core [3]. These factors create a positive feedback loop contributing further to neointimal 

hyperplasia, inflammation, and plaque development, narrowing the blood vessel. Plaque erosion 

and rupture can cause thrombi formation, further obstructing blood flow and leading to 

complications. Consequently, atherosclerosis often comes with significant pain, discomfort, limb 

ischemia, difficulty breathing, and increases the risk of major cardiovascular events such as 
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myocardial infarction, stroke, and cerebrovascular disease [4]. 

 

Figure 2. Schematic of peripheral artery disease progression 

Peripheral artery disease 

Peripheral artery disease (PAD) is most common in the lower extremities, such as the 

femoral artery (in the thigh), femoropopliteal artery (behind the knee), and the arteries coming 

from the heart. Historically, PAD burdened people in their 60s and over. Nearly one in five people 

over 60 have PAD, with an estimated 200 million new cases each yearly [5], [6]. However, more 

recent data suggest PAD also affects a significant proportion of young adults. Specifically, one to 

four percent of people aged 25 to 29 have PAD, and this percentage increases steadily with age 

[7].  

People with PAD report a worse quality of life, higher work impairment, and use more 

healthcare resources compared to people without PAD [8]. Disability associated with PAD has 

also increased over the past 20 years, indicating a growing issue with an aging population. 

Moreover, complications and disabilities associated with PAD have a larger burden on women and 

people in developing countries [7], [9].  Hospitalization is common in people with PAD, with rates 

averaging 89.5 people per 100,000 [10]. The hospital stay duration ranged from three to nine days, 
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costing an average of $15,755 USD per hospitalization. Major adverse limb events occur in almost 

one out of two (45.8 %) hospitalizations [11],[10]. The death rate is 0.07 and 28.71 per 100,000 

people in the age groups 40 ± 44 years and 80+ years, respectively [9]. 

Common symptoms include intermittent claudication, limb ischemia, and pain, all of which 

contribute to a reduced quality of life. Intermittent claudication (IC) is pain that occurs during 

movement but not while resting and occurs in nine out of ten symptomatic people [12]. People 

with symptomatic PAD also have a higher five-year cumulative cardiovascular mortality (13 % 

compared to 5 %) [12]. Moreover, around one in five (21 %) people with IC are diagnosed with 

critical limb ischemia. Critical limb ischemia (CLI) is characterized as the severe blockage of 

blood flow in the lower extremities. CLI leads to chronic wounds that cannot heal due to a lack of 

blood flow and nutrition. This often leads to amputation, with rates varying from four to twenty-

seven percent. However, PAD can often be asymptomatic, leading to a more severe disease 

progression when diagnosed and complications [13]. 

 

Coronary artery disease (CAD) 

Coronary artery disease (CAD) is the obstruction of arteries supplying the heart with 

nutrients and oxygen. The obstructed arteries can often be attributed to atherosclerosis, including 

calcification, inflammation, endothelial dysfunction, and neointimal hyperplasia [14]. Around one 

out of 20 people have CAD [15]. CAD is the third leading cause of death yearly, generating a large 

health and economic burden [16]. CAD accounts for 43 % of all cardiovascular disease deaths 

[17].  

Poor diet, tobacco use, genetics, limited exercise, and an increasingly sedentary lifestyle 

are key risk factors for developing CAD [18],[19]. High cholesterol, body mass index, blood 
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pressure, and glucose levels also significantly increase the risk of adverse outcomes. With an 

increasing trend in these factors, there is also an increase in heart failure and CAD in the younger 

population. Overall, CAD creates a significant health and economic burden. It is estimated that the 

US and Europe spend over $500 and $150 billion, respectively, on people with CAD [20],[21]. 

CAD causes shortness of breath, pain in the shoulder or chest, nausea, and dizziness. More 

severe consequences include heart attack, heart failure, stroke, and death. CAD also increases the 

risk of severe adverse outcomes following any comorbidity. CAD contributes the most to the loss 

of Disability Adjusted Life Years (DALYs). The disease burden is highest in low and middle-

income countries, accounting for over 7 million deaths annually [22]. Specifically, women tend to 

receive less aggressive treatment and possess more risk factors contributing to the disease burden 

[23]. 

 

Current atherosclerotic treatments 

Atherosclerosis management includes lifestyle changes, medical management, 

endovascular repair, and surgery [24]. One of the main treatments for CAD and PAD includes 

implanting a stent to reopen the artery. A stent is used to force open the artery and has successfully 

saved millions of lives [25]. To insert a stent, a catheter is used to guide it through the arterial 

network and toward the blocked artery. Once at the occlusion site, the stent is expanded with a 

balloon or is self-expandable, allowing blood to pass through again.  

There are several types of stents, often characterized as bare-metal stents (BMS) or drug-

eluting stents (DES). These stents are often composed of 316L stainless steel, nitinol, or cobalt-

chromium. Stents vary in geometry, size, expansion method, polymer coating, coating technique, 

and eluted drug. All these different properties have been tested due to recurrent complications, 
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mainly thrombosis, restenosis, and stent fracture. Typically, the stent struts are 80 to 200 µM with 

a degradable or permanent polymer coating under 10 µM thick [26], [27]. In DES, the drug is 

eluted anywhere from 30 to 180 days.  

More recently, fully biodegradable stents have been explored. Biodegradable stents offer 

several advantages, such as eliminating the foreign body (the stent) and reducing the risk of 

thrombosis [28]. Complete biodegradation of the stent would also support normal vasomotion and 

luminal movement. Finally, biodegradable stents allow the possibility of discontinuing dual 

antiplatelet therapy. Magnesium alloys, zinc calcium alloys, iron alloys, polylactic acid (PLA, 

PDLA & PLLA), and tyrosine polycarbonate are being investigated [29], [30]. Another approach 

is using polyvinyl alcohol (PVA), which has the required mechanical strength and elasticity for a 

stent [31]±[34]. Some research groups created a stent using braided PVA yarn, while others have 

used 3D printing to create a PVA stent [31]±[33]. Other researchers have shown promising results 

using dip coating to synthesize PVA biliary duct stents [34]. Although these stents would provide 

significant advantages, incomplete degradation, lack of mechanical stability, and increased risk of 

thrombosis have limited their commercial use thus far.  

 

Stenting complications 

Stent implantation can cause complications due to incomplete endothelial growth and 

smooth muscle cell (SMC) hyperproliferation [35]. This is a risk factor for blood clot formation 

and blood vessel re-narrowing (in-stent restenosis, ISR). Each incidence of ISR requires re-

intervention, putting the individual at a greater risk of infection and complications.  

Stenting can also induce further damage to the endothelial lining of the artery and can lead 

to blood vessel re-narrowing and blood clots [35]. Blood vessel narrowing (restenosis) is defined 
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as a >50 ��QDUURZLQJ�RI�D�EORRG�YHVVHO¶V�GLDPHWHU and occurs in 5-10 % of cases using current 

drug-eluting stents [36]. ISR invites further calcification making the blood vessel stiff, inefficient 

and increases the risk of stroke, myocardial infarction, and death. At the very least, this further 

reduces the individual's quality of life, leading to chest pain, shortness of breath, aches, and general 

pain. Other common complications include thrombosis, restenosis, calcification, and mechanical 

failures leading to an increased risk of morbidity, myocardial infarction, stroke, and mortality [37]. 

One-year patency rates are as low as 76 %, and two-year patency rates are as low as 60 % [38]. 

With low patency, re-intervention is required increasing the risk of complications and associated 

morbidity. An alternative and promising approach is the delivery of genes to promote endothelial 

cell regulation and regrowth.  

Another significant consequence of atherosclerosis is the obstruction of blood flow, 

oxygen, and nutrients. Inadequate tissue perfusion, oxidative stress, endothelial dysfunction, and 

chronic inflammation can lead to tissue degeneration and often gangrene [39], [40]. These factors 

also contribute to chronic wounds that are difficult to heal despite interventions.  

 

Gene-eluting stents  

Atherosclerosis can cause gene dysregulation, specifically an increase in pro-inflammatory 

genes and a decrease in healing and anti-inflammatory ones. Thus early-stage interventions 

promoting proper endothelial function would appear to prevent LDL accumulation, immune cell 

infiltration, inflammation, and smooth muscle cell hyperproliferation. To achieve this, gene-

eluting stents are promising. Several gene-eluting stents have been investigated in pre-clinical 

settings, including green fluorescent protein�� ȕ-galactosidase, Anti-Monocyte Chemoattractant 

Protein-1, miR-22, nitric oxide, and vascular endothelial growth factor (VEGF) delivery�� ȕ-
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galactosidase and green fluorescent protein (GFP) expression were used to prove the concept of 

localized arterial delivery [41],[42]. Anti-Monocyte Chemoattractant Protein-1 stent delivery 

prevented monocyte infiltration and neointima formation [43]. Comparatively, miR-22 is a 

microRNA capable of regulating gene expression and degradation [44]. Specifically, miR-22 was 

used to regulate SMC proliferation and vascular remodeling. The miR-22-loaded stents reduce 

inflammation, SMC proliferation, and extracellular matrix deposition. Similarly, nitric oxide can 

inhibit SMC proliferation and dose-dependently reduce blood pressure and arterial stiffening [45]. 

Specifically, nitric oxide delivery from stents has been shown to prevent neointimal 

hyperproliferation while maintaining endothelial health and re-endothelialization [46], [47]. 

Another key gene studied for re-endothelialization is VEGF. One group reported that stent delivery 

of a VEGF plasmid significantly improved re-endothelialization and reduced ISR [48]. VEGF 

expression and paclitaxel co-elution have also been studied, resulting in complete re-

endothelialization and reduced ISR one month after implantation [49]. These results suggest that 

two weeks of gene expression is sufficient to recover endothelial function. However, gene-eluting 

stents are limited by gene fragility, efficiency, loading capacity, and short elution time. Moreover, 

the organic solvents used during stent coating degrade the gene resulting in restricted loading and 

efficacy. 

 

Baculoviruses gene delivery for gene-eluting stents 

Baculoviruses expression systems, extracted from insect cells, can improve loading 

efficiency and sustain gene delivery. These biosafe, non-replicative, non-integrative, low-cost 

vectors can effectively be engineered to express human genes used to synthesize proteins required 
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for healing [50]. By coating baculoviruses, expressing healing genes, onto a stent, arterial healing 

can be promoted and prevent significant morbidity and health complications. 

Baculoviruses belong to a diverse group of viruses found in insects. Baculoviruses can be 

genetically modified to enter and mediate gene expression in mammalian cells. However, they do 

not replicate in vertebrate cells, making them a biologically safe and transient gene delivery vector 

[50]. This narrow host range prevents complications with pre-existing immunity observed with 

other viral vectors in humans. Moreover, the 40-50 x 200-400 nm baculovirus capsid can extend 

to accommodate larger inserts of recombinant DNA (+38 kb), enabling multi-gene expression [51]. 

They also have low risk regarding biosafety, are classified as safe by regulatory agencies (FDA 

and Health Canada) and are currently used in human and veterinary therapeutic production. 

Baculoviruses can easily be amplified for large-scale production using insect cells and serum-free 

media in suspension, making them cost-effective [52]. The advantages of this system include its 

safety, large and complex genes can be delivered, and the transient delivery instead of integrative 

prevents adverse effects sometimes seen with adenoviruses. The baculovirus can also be 

engineered, encapsulated, and surface modified to optimize gene expression for specific time 

periods, such as the crucial first two weeks following stent implantation, to promote proper 

endothelial function. After this two-week period, gene expression should return to base levels to 

prevent adverse effects, another advantage of baculoviruses.  

Previously, Paul et al., (2013b) developed a recombinant baculovirus that expressed VEGF 

for its angiogenic potential. The baculovirus was then ionically loaded onto a polyamidoamine 

dendrimer (PAMAM) dendrimer. The Baculovirus-PAMAM complex was then encapsulated in 

biodegradable poly(D, L-lactic-co-glycolic acid) (PLGA) microspheres. The researchers reported 

localized gene expression at the stent location, which declined over time. Moreover, there was 
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evidence of significantly enhanced re-endothelialization, reduction in neointimal formation, and 

reduced stenosis after 14 days [53].  

It is predicted that the delivery of three genes can create a synergistic effect, reducing the 

dosage required for a therapeutic effect and mitigating off target effects. The three genes selected 

include ADAMTS13, NOS3, and VEGFA, depicted in  

 

Figure 3. Specifically, NOS3 converts L-arginine to nitric oxide, which signals through a 

cGMP pathway leading to a decrease in calcium influx [54], [55]. This leads to relaxation 

(vasodilation), a decrease in the proliferation of SMCs, inhibits inflammation, and promotes 

endothelial health. Nitric oxide also helps prevent platelet adhesion and thrombosis. Similarly, 

VEGFA also improves endothelial health, inhibits inflammation, and promotes eNOS production. 
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However, the VEGFA signalling is through the VEGF receptor (VEGFR) which signals through 

the p38-MAPK, PLCgamma, and JAK/STAT pathway [56], [57]. ADAMTS13 cleaves vWF to 

make smaller multimers that are less likely to aggregate and attract platelets to adhere [58]. Both 

ADAMTS13 and NO3 inhibit platelet aggregation. 

 

Figure 3. Baculovirus gene delivery of ADAMTS13, NOS3, and VEGFA and their proposed 
mechanism of action. Boxes in green are the complications common after peripheral artery 
stenting and boxes in purple are the baculovirus delivered genes. 

 

Collectively, these reports demonstrate the feasibility and efficiency of baculoviruses in 

using gene-eluting stents. However, further work must be done to optimize the gene delivery, 
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optimize gene selection, reduce the coating thickness from 200 µM, and create a smooth and 

uniformly dissolvable stent coating.  

 

Research Hypothesis: Baculovirus gene delivery stent coatings can be used to treat 

atherosclerosis and prevent currently associated complications. Combining a gene- and drug-

eluting stent can promote artery healing, thereby preventing common complications like restenosis 

and thrombosis.  

 

Research Aims:  

I. To design gene-eluting (ADAMTS13, VEGFA, & NOS3) baculoviruses and evaluate their 

safety, stability, and efficacy in vitro for gene therapy applications.  

II. To create a baculovirus delivery platform to optimize the therapeutic timeframe, efficacy, 

and safety.  

III. To develop a wound dressing to treat the chronic wounds commonly associated with PAD.  

IV. To optimize the baculovirus doses, gene expression, polymer selection, mechanical 

properties, and stent coating, and use this information to fabricate optimized stents for PAD 

and CAD. 

 

Outline of original research  

The present research proposal aims to extend our previous baculovirus-delivering stent 

studies and introduces a new stent combining drug and gene therapy technologies. We propose to 

coat the Eucatech® chromium cobalt stent with therapeutic baculovirus-entrapping hydrogel to 

promote endothelial recovery and reduce immune cell infiltration. We hypothesize that the gene-
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and drug-eluting stent will offer a new therapeutic approach to the stent technology (Figure 4). 

The recombinant baculovirus can be used for targeted delivery of three therapeutic transgenes to 

the damaged vascular wall, concomitant with the slow release of Everolimus drugs from the 

exposed stent struts to attenuate acute inflammatory conditions.   

 

Figure 4. Novel stent design strategy and therapeutic mode 
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CHAPTER 2: Background and literature review  
 

Peripheral (PAD) and coronary artery disease (CAD) current treatments  

One of the main treatments for coronary and peripheral artery disease includes implanting 

a stent. A stent is used to force open the artery and has successfully saved millions of lives [25]. 

To insert a stent, a catheter is used to guide it through the arterial network and toward the blocked 

artery. Once at the occlusion site, the stent is expanded with a balloon or is self-expandable, 

allowing blood to pass through again. However, this further damages the endothelial lining of the 

artery and can lead to blood vessel narrowing and blood clot [35]. Blood vessel narrowing 

(restenosis) is defined as a >50 ��QDUURZLQJ�RI�D�EORRG�YHVVHO¶V�GLDPHWHU�DQG�RFFXUV�LQ��-10 % of 

cases with current drug-eluting stents [36].  

 

The first bare-metal stents (BMS) 

Stenting and angioplasty are commonly employed for treating cardiovascular diseases. The 

bare-metal stents (BMS), typically composed of 316L stainless steel or nitinol, can effectively hold 

open the artery to allow blood passage. However, this BMS design has the highest occurrence of 

thrombosis and restenosis, 18 % and 2 %, respectively [59]. Further complications arise at the stent 

site due to incomplete endothelial regrowth and vascular smooth muscle cell (SMC) proliferation. 

This causes obstruction of the dilated artery, termed in-stent restenosis. To improve this stent 

design, the next generation of stents must prevent SMC proliferation and promote re-

endothelialization. Consequently, drug-eluting stents (DES) have evolved to prevent arterial wall 

thickening and dampen the immune response to prevent inflammation.  

 

First generation of drug-eluting stents (DESs) 



 

 36 

Typically, stent implantation induces a chronic vascular response and inflammation 

leading to SMC proliferation (neointimal hyperplasia). These challenges sparked the design of 

several novel DES. DES have a durable polymer coated onto the BMS, permitting slow anti-

restenotic drug release. These DES vary in their delivery platform, polymer coating, and drug 

selection.  

The first generation of DES includes paclitaxel and sirolimus-eluting stents. Sirolimus-

eluting stents, like Cypher® for coronary arteries, are one example of an approved and commonly 

used DES. Sirolimus is an antibiotic with immunosuppressive abilities. Specifically, sirolimus 

binds the cytoplasmic FKBP 12 protein inhibiting smooth muscle division in the G1 and G2 phase 

[60]. This effectively prevents neointimal hyperplasia. This stainless-steel stent is coated in a 

durable polymer and releases 80 % of the drug within the first 30 days. Sirolimus-eluting stents 

demonstrate better kinetics and a wider therapeutic index than BMS and paclitaxel-eluting stents 

[61]. Paclitaxel-eluting stents have similar characteristics but have a slower drug release rate. 

Paclitaxel also has a different mechanism of action by binding beta-tubulin within microtubules 

during mitosis. The microtubule binding also inhibits smooth muscle cell division preventing 

neointimal formation. A randomized control trial involving 26,616 people determined the efficacy 

of the first-generation of DES compared to BMS [62]. They reported that the DESs reduced the 

risk of stent thrombosis, revascularization, death, and myocardial infarction. However, one year 

after placement, the reduced risk associated with DES was no different than BMS. Moreover, when 

compared to the first generation of DES, only slight changes in efficacy were found. Specifically, 

the first-generation sirolimus-eluting stent and the second-generation Everolimus and 

Zotarolimus-eluting stents showed similar efficacy at preventing revascularization [61]. The 
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common permanent polymer coatings used in this generation include ethylene-vinyl acetate 

(PEVA), poly(butyl methacrylate) (PBMA), and styrene isoprene butadiene (SIBBS). 

 

Second generation of drug-eluting stents (DES) 

The second generation of DES further improved upon restenosis prevention through drugs 

IURP�WKH�µ/LPXV¶�IDPLO\��QRYHO�SHUPDQHQW�SRO\PHU�FRDWLQJV, and improved stent design. Common 

polymer coatings include a combination of PBMA, polyvinylidene fluoride (PVDF-HF), 

poly(hexyl methacrylate) (PHMA), polyvinylpyrrolidone (PVP), and polyvinyl alcohol (PVA), 

selected for their strength a drug retention abilities. Classic polymer coatings can be conformal or 

abluminal with abluminal appearing to have a favourable impact on re-endothelialization. This 

means they can inhibit SMC proliferation at all areas of contact or only at the surface level. The 

µ/LPXV¶�GUXJV� �(YHUROLPXV��6LUROLPXV��etc.) inhibit mTOR, a major cell growth regulator [60]. 

Everolimus-eluting stents have a better bioavailability due to their higher affinity for FKB12. 

Moreover, the drug also prevents T cell proliferation mitigating a pronounced immune reaction 

and inflammation [60]. The 2nd generation of DES typically releases 80 % of the drug within the 

first 30 days following implantation. Everolimus-eluting stents use a durable polymer coated onto 

a cobalt-chromium or platinum-chromium metal stent. This type of metal has better 

biocompatibility and is thinner, which has been shown to reduce the risk of thrombosis. The cobalt-

chromium metal is also used in Zotarolimus-eluting stents (Endeavor) with 80 % of the drug 

delivered in the first 10 days. Some Limus-eluting stents include Sirolimus, Zotarolimus, Biolimus 

A9, and Everolimus. These DES have a similar mechanism of action to Sirolimus by binding 

FKBP12 protein. Comparatively, Tacrolimus and Pimecrolimus complex with FKBP12 to block 

the activation of T cell's Nuclear Factor, a major transcription factor that starts an inflammatory 
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response. This prevents cell cycle activation and proliferation. Tacrolimus-eluting stents have also 

shown limited stent thrombosis and similar rates of major adverse clinical events [63]. 

The DES can prevent smooth muscle proliferation and blood vessel re-narrowing through 

mTOR inhibition. However, this also prevents endothelial cell proliferation and regrowth. This 

approach reduced the risk of thrombosis and myocardial infarction, but not in-stent restenosis 

when compared to the first generation of DES [59]. However, the 31,379 people studied showed 

no difference in mortality between BMS and DES [61]. This indicates that although DES are 

superior to BMS initially, they have a comparable efficacy after one year. Overall, the 2nd 

generation of DES mitigates thrombosis, restenosis, and myocardial infarction initially when 

compared to BMS. However, the rate of complications (blood clots and blood vessel re-narrowing) 

is still relatively high at 5-10 % and needs to be addressed by future generations of stents [36]. 

 

Stents with biodegradable coatings 

Permanent polymers, used in the first generation of DES, are associated with delayed 

healing and triggering inflammation. This increases the risk of late and very late thrombosis [64]. 

An alternative to current DES is the development of biodegradable stent coatings to prevent 

polymer-induced inflammation. Biodegradable polymers are mainly composed of lactic or 

glycolic acid which can be resorbed in the body through hydrolysis. Common polymer examples 

include polylactic (PLLA, PDLLA), polyglycolic (PGA) and polylactic-co-glycolic (PLGA) 

copolymers. This led to the production of new stents (such as Osrsiro, Ultimaster, Synergy, 

BioMatrix Nobori, Combo, and BioMartix Flex®) [26]. These polymer coatings degrade within 

three to nine months after deployment. This new generation of stents is considered superior to 

BMS and the 1st generation of DES due to its ability to prevent thrombosis. However, a meta-
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analysis of 12 randomized control trials showed no short-term difference in safety or efficacy [65]. 

This study also reported no difference in myocardial infarction, stent thrombosis, and target vessel 

revascularization. This indicates biodegradable polymer coatings need further testing and 

optimization.   

 

Polymer free stents  

An alternative option to DES, is omitting the polymer altogether to prevent polymer-

induced inflammation. However, this increases the drug elution rate and may decrease the stent 

efficacy. To counteract this, researchers have created different stent styles. This includes a smooth 

surface, microporous, nanoporous, and drug-filled stents. In the smooth surface model, the drug 

release is determined by the drug solubility. For the other non-polymer stent models, the rough 

surface creates drug-filled holes to improve drug-loading capacity. Some stent design examples 

include BioFreedom® and Drug-Filled® stents [26]. These polymer coatings provide a transient 

scaffolding for the blood vessel preventing thrombosis. To determine the safety and efficacy of 

polymer-free DES several studies have been conducted. A recent meta-analysis of 11 randomized 

control trials, including 8,616 people, showed no difference in polymer-free DES compared to 

DES [66]. Specifically, there was no difference in myocardial infarction, target-lesion 

revascularization, stent thrombosis, cardiac death, late lumen loss, or stenosis diameter. However, 

the polymer-free DES was associated with a lower incidence of major adverse cardiovascular 

events. Although this is beneficial, the advances in stent design have yet to generate the golden 

standard stent.  

 

Biodegradable stents 
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In support of leaving behind fully formed vasculature and preventing long-term stent-

related issues, fully biodegradable or dissolvable stents have been developed. This would have 

several advantages. 1.  A reduction of thrombosis as no foreign material would remain in the vessel 

[28]. 2. Eliminating a metal stent allows normal vasomotion and luminal movement. 3. The 

possibility of discontinuing dual antiplatelet therapy. 4. Customizable resorption that emits the 

drug encapsulated within.  

Currently, magnesium alloys, zinc calcium alloys, iron alloys, poly(lactic acid) (PLA, 

PDLA & PLLA), and tyrosine polycarbonate are being investigated [29], [30]. These polymers 

typically degrade after three to nine months leaving behind the rebuilt vasculature. Particularly, 

metallic biodegradable stents have shown promise in providing similar mechanical properties to 

the original 316L stainless steel stent but are fully biodegradable. In animal models, these stents 

have shown similar efficacy when compared to current DES and better anti-restenotic properties.  

A disadvantage to bioresorbable stents is the poor bioavailability and increased strut 

thickness to maintain mechanical stability which can damage the blood vessel. Moreover, scaffold 

collapse has been reported requiring re-intervention [67]. A recent meta-analysis of 16 randomized 

control trials, including 19,886 people, observed no significant differences between biodegradable 

and second-generation DES [68]. The difficulty with fully biodegradable stents is ensuring 

uniform degradation (to prevent pieces from coming off, leading to thrombosis) while maintaining 

its mechanical stability. Overall, further testing and optimization are needed before these stents 

become commercially available. 

 

Tethering bioactive molecules to stents  
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Alternative stenting approaches have also been used to promote re-endothelialization while 

inhibiting smooth muscle cell proliferation. Some approaches include the addition of antibodies 

for site-specific delivery, co-eluting stents, and gene-eluting stents. For example, Nakazawa et al., 

added CD34 antibodies to the surface of sirolimus-eluting stents to attract endothelial cells and 

promote healing [69]. This preclinical study showed significantly enhanced re-endothelialization 

using the CD34 antibody, but long-term efficacy has yet to be studied. Advances in co-eluting 

stents, as well as gene-delivering stents, have also been promising. Titanium nitric oxide has been 

coated onto stents to deliver nitric oxide particles [70]. Nitric oxide particles dilate the blood vessel 

and can prevent restenosis and thrombosis. Preclinical studies with titanium nitric oxide coatings 

demonstrated enhanced safety and comparable efficacy compared to DES. Yang et al. also recently 

developed a paclitaxel and VEGF gene eluting stent resulting in significantly suppressed restenosis 

compared to the DES control [49]. Similarly, Paul et al. developed a recombinant baculovirus 

complexed with Tat/DNA nanoparticles which enhanced re-endothelialization, attenuated 

stenosis, and prevented neointima formation [71]. Based on these studies, the ideal future stent 

should possess high flexibility, thin struts, 60-90 day drug elution, stimulate re-endothelialization, 

prevent thrombosis, and minimize the requirement for double antiplatelet therapy [26]. 

 

Gene-eluting stents (GES) 

Gene-eluting stents are an alternative treatment approach. However, gene delivery is 

challenging due to the low gene stability. Plasmid DNA-eluting stents have been shown to express 

green fluorescent protein (GFP) but had an efficiency rate of one to ten percent [41]. Several gene-

eluting stents have been investigated in pre-FOLQLFDO�VHWWLQJV��LQFOXGLQJ�*)3��ȕ-galactosidase, Anti-

Monocyte Chemoattractant Protein-1, miR-22, nitric oxide, angiopoietin-1, and VEGF delivery. 
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ȕ-galactosidase and GFP expression were used to prove the concept of localized arterial delivery 

[41],[42]. Elution of vascular endothelial growth factor (VEGF) and angiopoietin-1 (Ang-1) from 

stents was reported to prevent restenosis by promoting endothelial health and re-endothelialization 

[72], [73]. Endothelial nitric oxide synthase (eNOS) has also been studied and effectively 

suppressed ISR and improved re-endothelialization [74]. However, limitations included low 

efficiency, incomplete endothelialization, limited thrombosis prevention, and neointimal 

hyperplasia.   

 

Baculoviruses as gene delivery vectors 

Baculoviruses, naturally known to infect Lepidoptera, have been exploited for their 

recombinant protein expression since 1983, enabling the development of a diverse range of 

therapeutics [75].  Baculoviruses (BVs) naturally mass produce polyhedral capsules, under the 

control of the polyhedrin promoter, accounting for 25% of the cell protein [76], [77]. 

Advantageously, the polyhedrin gene can be replaced with the desired gene of interest enabling 

over-expression of the gene of interest. This large and natural amplification feature makes 

baculoviruses an attractive option for gene delivery in stent applications expressing significantly 

more genes than plasmid delivery alone. Baculovirus gene delivery systems enable site-specific 

delivery, mitigating adverse effects, and improving the therapeutics [53]. This easily modifiable 

gene therapy system may be the cost-effective and efficient backbone needed to advance transient 

gene therapy. BVs typically have a transgene expression window of seven to fourteen days which 

can be optimized or extended based on the disease [78]. The ease of genetically manipulating 

baculoviruses for gene therapy applications is shown below in Figure 5.  
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Figure 5. Lifecycle of baculoviruses and potential use for gene therapy (adapted from Schaly et 

al., 2021) 

Baculoviruses naturally mass produce polyhedral capsules, under the control of the 

polyhedrin promoter, accounting for 25 % of the cell protein [76], [77]. Advantageously, the 

polyhedrin gene can be replaced with the desired gene of interest enabling over-expression of the 

gene of interest. This large and natural amplification feature makes baculoviruses an attractive 

option for gene delivery in stent application expressing significantly more gene than plasmid 

delivery alone. The insect cell lines can also be genetically engineered to produce properly 

glycosylated proteins using baculoviruses [79], [80]. Human glycosylation patterns are essential 
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for therapeutic uses as it enables proper effector functions such as antibody-dependent cellular 

cytotoxicity (ADCC). Moreover, N-glycans' presence significantly enhances the antibody binding 

efficiency to Fc receptors [79]. Baculoviruses can also be grown in serum free media, in 

bioreactors, without carbon dioxide, at room temperature, making them a scalable and cost-

effective method for protein production [81]. Moreover, they have already been used in several 

human therapeutics including cancer treatment, vaccines, and regenerative medicine indicating 

their large potential [82]±[84]. This easily modifiable gene delivery system may be the cost-

effective, safe, and therapeutic solution to promoting endothelialization and preventing SMC 

proliferation following atherosclerotic stenting. 

Baculovirus vectors have already been implemented in several successful studies, 

including cancer treatment, vaccines, and regenerative medicine [82]±[84]. The large cloning 

capacity of baculoviruses enables transgene of expression of large multi-complex proteins both in 

vivo and ex vivo. This is particularly useful for use in anticancer therapy, stem cell regeneration 

and in vaccine development. Specifically, a toxin vector for diphtheria toxin A has been developed 

to eliminate malignant glioma cells within the brain [85]. Other BVs expressing normal epithelial 

cell specific-1 and herpes simplex virus-1 thymidine kinase have shown similar promising results 

in eliminating glioblastoma and gastric cancer cells [86],[87]. Moreover, angiogenesis-dependent 

tumours have been treated with a hybrid sleep beauty-Baculovirus vector to prolong 

antiangiogenic fusion protein expression (endostatin and angiostatin) [88]. Lin et al engineered 

bone marrow-derived mesenchymal cells (BMSCs) to express bone morphogenetic protein 2 and 

VEGF enabling enhanced femoral bone repair and bone quality [89]. Similarly, for myocardial 

infarction therapy, baculoviruses can be engineered to expressed Angiopoietin-1 to increase 

capillary density and reduce infarct sizes in rats [71].  
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BVs also have a large potential in virus-like particle (VLP) and vaccine production. One 

of the first vaccines using baculoviruses, called FluBlok®, used the hemagglutinin antigen as a 

subunit vaccine to elicit a protective immune response [90]. This technique has been extended into 

other vaccines such as human papillomavirus, prostate cancer, and familial lipoprotein lipase 

deficiency [82],[91],[92]. The three vaccines expressed HPV-L1 protein, granulocyte-macrophage 

colony-stimulating factor, and an AAV vector with lipoprotein lipase transgene, respectively. 

Moreover, administering baculoviruses could eliminate malaria parasites in mice livers and elicit 

a protective humoral and cellular immune response [93]. Alternatively, the scalability of BV 

expression systems is beneficial for the mass production of molecules like VLPs. Baculoviruses 

are predicted to generate 415 million 10 µg/dose vials of anti-flu vaccines in one week compared 

to the six-month standard using chicken embryos [94]. The high protein production and efficacy 

support using baculoviruses as a promising vaccine vector and scalable approach to personalized 

medicine. Baculoviruses have also been used to develop more recent COVID-19 vaccines. 

Specifically, baculoviruses were used to produce viral S protein and receptor binding domain 

protein in three subunit vaccine candidates and for VLP production in the fourth vaccine [95]. 

The display of surface proteins can also direct cell-specific uptake of baculoviruses. Fc 

receptors, folate, and epidermal growth factor (EGF) have been used to dictate the baculovirus 

selectivity [96]. Räty et al. exploited the avidin-biotin interaction to increase transduction 

efficiency while expressing biotinylated EGF causing the system to target EGF-displaying cells 

[97]. Polyethylene glycol (PEG)-folate has also been displayed on the baculovirus surface to target 

the Fc receptors displayed specifically on malignant cells enabling targeted gene delivery [98]. In 

comparison, BVs displaying human epidermal growth factor-2 (HER2) single-chain variable 

domain fragments (scFV) while expressing Apoptin bind specifically HER2 positive SK-BR-3 
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breast cancer cells reducing cancer cell viability [99]. Similarly, a BV expressing BIMs, a potent 

apoptosis inducer, results in the selective death of Hepatitis C virus-positive cells only [100]. 

6HOHFWLYHO\� WUHDWLQJ� DQ� LQGLYLGXDO¶V� PDOIXQFWLRQLQJ� RU impaired cells can mitigate traditional 

medical treatments' side effects and systemic effects, significantly improving the quality of 

treatment, care, and life.   

Baculoviruses have a large therapeutic potential as vaccine vectors, anticancer therapy, and 

recombinant protein production. Limitations such as the immune response, complement activation 

and baculovirus fragility may be quickly overcome through further genetic engineering. Despite 

these limitations, the biosafety, relative ease of production, low cytotoxicity, and non-replicative 

nature in mammalian cells, associated with baculoviruses, continue to make it an advantageous 

method for gene therapy and personalized medicine. Moreover, baculoviruses have an immense 

potential to be optimized for each disease and individual through further gene and dose 

modifications. The simple extraction and manipulation of insect cells provide a cost-effective 

method for gene therapy and personalized medicine. 

 

Baculovirus limitations and advantages  

A few limitations are associated with baculovirus in gene therapy, hindering its wide-scale 

use and production. Specifically, BV expression systems can induce an immune response 

producing inflammatory cytokines and chemokines and activating the complement pathway. This 

can lead to an unnecessary immune response and viral genome degradation. Upon serum contact, 

baculoviruses activate RIG-I/IPS-1 or cyclic GMP-AMP synthase/stimulator of interferon genes 

(cGAS/STING) pathway, which can suppress transgene expression [101]. Moreover, 

baculoviruses exhibit transient gene expression, typically lasting seven to fourteen days in most 
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cell lines, including CHO, HeLa, and BHK [78]. However, several gene insertions or modifications 

have been able to extend gene expression and prevent immune complement recognition [88], 

[102], [103]. Transgene expression can also be prolonged by shielding the baculovirus from the 

immune system using a polymer coating. This prevents immune activation and prolongs gene 

expression and its associated therapeutic effect. Alternatively, the transient gene expression 

mitigates safety concerns providing potential in vaccine vector or adjuvant field. Another 

limitation of baculovirus vector systems is the virus's fragility. Previous researchers have reported 

a half-life of only 173 hours at 27 oC and around eight hours at 37 oC [104]. Moreover, defective 

interfering (DI) particles accumulate during serial cell culture passages. DI particle accumulation 

can be reduced by using a low MOI or removing the non-homologous origin from the SeMNPV 

baculovirus genome, preventing DI formation for 20 cell passages [105]. 

Baculoviruses provide a relatively safe, scalable, and cost-effective vector for gene therapy 

[81]. Baculoviruses' biosafety, large cloning capacity, low toxicity, and non-replicative nature 

make it an attractive vector for stent coatings. One of the main advantages is the non-toxic nature 

of baculoviruses within mammalian cells and the inability to hinder their growth [81], [106], [107]. 

Baculoviruses provide transient gene expression that is higher than plasmid delivery and safer than 

alternative viral delivery systems (Table 1). Specifically, baculoviruses provide a safer alternative 

to lentiviral, retroviral, and adenoviral vectors, all of which are human pathogens and are capable 

of producing replication-competent viruses (RCV) [108]��0RUHRYHU��EDFXORYLUXVHV¶� LQDELOLW\� WR�

integrate into the host DNA or chromosomes further supports its biosafety and use in gene delivery. 

Baculoviruses also provide significantly higher expression compared to plasmid or other viral gene 

delivery due to the lack of pre-existing immunity and protected delivery (with the viral capsid). 

Unlike adenoviruses, baculoviruses do not elicit a potentially fatal humoral and cellular immune 
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response [109]. Despite the high specificity of baculovirus, they can be engineered to transduce 

both dividing and non-dividing cell lines or only specific cell types [110]. This specificity is 

beneficial in diseases where only specific cells are to be targeted, such as the cells directly in 

contact with the stent. Another advantage over other viral vectors is baculoviruses' large cloning 

capacity, enabling insertions up to 38 kb compared to other viral vectors, which only have a 

capacity of under 7.5 kb [51]. Moreover, large-scale insect culture processes are already well-

established, can be stored for 1+ years at 4 oC, and can easily be scaled up for mass production 

[52]. This makes it a feasible approach with a long shelf life. Baculoviruses are a biosafe and low-

cost vector capable of site-specific and enhanced gene delivery compared to alternative methods 

[50]. Moreover, their high but transient gene delivery is ideal for stent applications, whereby gene 

delivery is only required for the initial three weeks until healing is completed.  

Table 1. Comparison of viral vectors for gene therapy (adapted form Schaly et al. 2021) 

Feature Baculovirus  Adeno-
associated virus 

Lentivirus  Retrovirus  

Size  80-180 kb 8.5 kb 8 kb  7-11 kb 
DNA or RNA dsDNA ssDNA ssRNA ssRNA 
Cloning 
capacity  

38 kb 5 kb 9 kb 8 kb 

Max viral titer 2x108 1x1011 1x109 1x109 
Tropism Dividing and 

non-dividing 
cells 

Dividing and 
non-dividing 
cells 

Dividing and non-
dividing cells 

Dividing cells 

Safety Non-toxic Inflammatory 
response & 
toxicity 

Insertional 
mutagenesis 

Insertional 
mutagenesis 

Ease of scale-up High  Low Low Low 
Immunogenicity Low Low Low Low 
Integration Non-integrating Non-integrating Integrating Integrating 
Expression Transient Stable: site-

specific 
integration 

Transient or stable Stable 

 

Baculoviruses in localized stent delivery 
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Given the literature above, baculoviruses may be the solution to promoting re-

endothelialization and inhibiting smooth muscle cell proliferation within stented arteries using 

three different genes (ADAMTS13, NOS3, and VEGFA). VEGFA and NOS3 both help regulate 

the cells lining the artery and promote their healing which can reduce inflammation and blood 

vessel re-narrowing [111], [112]. VEGF release from bioactive stents has been shown to 

significantly increase reendothelialization and prevent in-stent restenosis in vivo [113]. 

Comparatively, NOS3 and ADAMTS13 genes were selected for their ability to regulate blood 

coagulation, prevent platelet adhesion which could lead to thrombosis, and promote endothelial 

health and migration for re-endothelialization [112], [114], [115]. NOS3 plays a key role in 

vascular homeostasis, vascular dilation, and protects the intima from platelet aggregation and 

leukocyte adhesion [116]. It also prevents SMC proliferation and endothelial dysfunction. This is 

crucial in the initial two weeks after stent implantation to regulate vascular function and promote 

an anti-inflammatory environment. Similarly, ADAMTS13 cleaves vWF which prevents platelet 

aggregation and blood clotting (supported by Everolimus), which is required for the first month 

after stent implantation. High vWF and low ADAMTS13 levels are associated with major 

cardiovascular events,  thrombosis, and PAD progression [114], [115]. The three genes selected 

(ADAMTS13, NOS3, and VEGFA) may exert an additive effect on each other, resulting in 

superior arterial healing (Error! Reference source not found.). This additive effect will be 

investigated. Moreover, proper healing and endothelial function would prevent downstream 

complications, including thrombosis, ISR, and low patency.  

 
The baculovirus can also be encapsulated to prolong transgene expression past the typical 

seven-day window. Polymeric encapsulation can also increase stability, solubility, prolong gene 

expression, and promote site specificity, which allows for a lower dosage and less toxicity [117], 
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[118]. Finally, the optimized baculovirus encapsulated in a hydrogel can be coated onto a stent to 

provide a localized therapeutic effect. Different layers, polymers, and methods will be employed 

and optimized for safety and efficacy. 

 

Baculovirus encapsulation  

Cell and bacterial encapsulation have been extensively investigated, showing promising 

results in localized treatment with sustained efficacy [124]. Bioencapsulation, also termed artificial 

cells, are one method to preserve the baculovirus therapeutic window and protect the genes from 

the immune system. Baculovirus encapsulation prevents immune inactivation, effectively 

shielding the virus from the immune system. Artificial cells are capable of delivering enzymes, 

drugs, genes, microbes, hormones, vaccines, and hemoglobin [119]. They have applications in 

medical devices, drug delivery, blood substitutes, gene therapy, regenerative medicine, agriculture, 

nanomedicine, and more. The artificial cell composition can include natural, biodegradable, or 

permanent polymers commonly including lipids, PEG, PLGA, and PLA. Specifically, natural 

polymers such as alginate and chitosan are common for their biocompatibility and 

biodegradability, safety, and feasibility [16±19]. Similarly, PVA and polylactic substitutes are 

commonly selected for their inherent biosafety and hemocompatibility [167][168]. Another benefit 

of PVA is the tunability of its mechanical properties. Specifically, the tensile strength, toughness, 

elongation, and elastic modulus can vary significantly depending on the ions used during the 

aggregation [169]. 

 

Significance in designing and fabricating GESs  
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This dissolvable baculovirus delivery system will demonstrate the potential use of 

baculoviruses in gene therapy and stenting. The cost-efficient system can mitigate common 

complications, be more accessible to all people, and save many more lives. Given the information 

provided above, the gold standard would be the development of a stent enabling site-specific 

delivery, highly efficient gene delivery, high retention, functionality, and viability at the target site. 

Given the literature, baculoviruses may be the golden ticket to this medical advancement. Coating 

stents with baculoviruses that express healing genes can promote arterial healing and potentially 

prevent the significant morbidity associated with atherosclerosis. This also allows its use on other 

stent types and arteries. The coating can be integrated into upcoming fully biodegradable stents to 

mitigate further complications and improve the quality of life of those impacted by PAD and CAD.  
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CHAPTER 3: Papers included in this thesis  
 
This is a manuscript-based thesis. The thesis is comprised of five original research articles.  

Original research articles included in this thesis: 

1. Schaly, S., Islam, P., Boyajian, J. Thareja, R., L., Abosalha, A., Arora, K., Shum-Tim, D., 

& Prakash, S. (2023). In vitro human safety assessment of RFP and VEGF baculovirus 

delivery. Molecular Biotechnology (To be submitted).  

For this paper, I investigate the safety of direct baculovirus gene delivery for human 

therapeutics. Baculoviruses have been extensively studied for vaccine and recombinant protein 

production but not for direct human administration. Thus, I investigated the cytotoxicity, 

hemocompatibility, genotoxicity, and lysosomal activity in human SMCs and HUVECs following 

baculovirus transduction. Overall, I determined that baculovirus gene delivery to SMCs and 

HUVECs is efficient and safe.  

 

2. Schaly, S., Islam, P., Abosalha, A., Boyajian, J. L., Shum-Tim, D., & Prakash, S. (2022). 

Alginate-Chitosan Hydrogel Formulations Sustain Baculovirus Delivery and VEGFA 

Expression Which Promotes Angiogenesis for Wound Dressing 

Applications. Pharmaceuticals (Basel, Switzerland), 15(11), 1382. 

https://doi.org/10.3390/ph15111382. 

In this paper, I demonstrated the feasibility and efficacy of sustained and controlled 

baculovirus delivery using alginate-chitosan hydrogels. This is one of the few papers published on 

controlling virus gene delivery over ten days. Moreover, the hydrogel formulation had significant 

beneficial properties in chronic wounds, common in PAD. Specifically, I found that the hydrogel 

formulation improved cell migration, proliferation, and angiogenesis. Moreover, the hydrogels 

https://doi.org/10.3390/ph15111382
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have an encapsulation efficiency of 99.9 %, no cytotoxicity, antimicrobial properties, good blood 

compatibility, promote hemostasis, and maintain a moist wound healing environment. 

 

3. Schaly, S., Islam, P., Boyajian, J. Thareja, R., L., Abosalha, A., Arora, K., Shum-Tim, D., 

& Prakash, S. (2023). Controlled and customizable baculovirus NOS3 gene delivery using 

PVA-based hydrogel systems. PLoS One. 2023 Sep 21;18(9):e0290902. doi: 

10.1371/journal.pone.0290902. PMID: 37733661; PMCID: PMC10513238. 

In this paper, I customized and optimized baculovirus gene delivery using polyvinyl alcohol 

(PVA).  I varied the amount of baculovirus and duration of elution using different polymer 

hydrogels and loading methods. Overall, baculovirus could be eluted for five to 25 days, enabling 

sustained delivery. Passive absorption of the baculovirus into PVA hydrogels exhibited the highest 

baculovirus loading (96.4 ± 0.6 %). Moreover, the sustained NOS3 delivery from the baculovirus 

would benefit both chronic wounds from PAD and as a stent coating. NOS3 promotes nitric oxide 

and nitrate production and can effectively be delivered using baculoviruses. Nitric oxide regulates 

cell proliferation, promotes blood vessel vasodilation, and inhibits bacterial growth. This is a novel 

gene delivery method that has not been reported previously.  

 

4. Schaly, S., Islam, P., Boyajian, J. Thareja, R., L., Abosalha, A., Arora, K., Shum-Tim, D., 

& Prakash, S. (2023). Evaluating a tri-gene-eluting dissolvable stent for peripheral artery 

disease using baculoviruses. Science Advances (to be submitted).   

In this paper, I investigated a novel dissolvable tri-gene eluting stent for peripheral artery 

disease. I found that the co-elution of two genes (ADAMTS13 and NOS3) significantly 

improved wound healing and angiogenesis of HUVECs to allow for proper re-
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endothelialization. The two genes also selectively inhibited SMC proliferation and cleaved 

proteins involved in blood clotting preventing neointimal hyperplasia and thrombosis, 

respectively. Moreover, the novel stent was optimized, anti-thrombotic, and enabled sustained 

baculovirus delivery over ten days allowing for the proper therapeutic window. This stent had 

similar mechanical properties to metal stents, excellent hemocompatibility, noncytotoxic, and 

sustained baculovirus delivery. This is one of the first papers to investigate a multi-gene eluting 

stent and this formulation of dissolvable stents for PAD.  

 

5. Schaly, S., Islam, P., Boyajian, J. Thareja, R., L., Abosalha, A., Arora, K., Shum-Tim, D., 

& Prakash, S. (2023). A gene- and drug-eluting (GDES) stent coating to promote re-

endothelialization and prevent restenosis due to atherosclerosis. Science Advances (to be 

submitted).   

Coronary artery disease (CAD) occurs in one out of every 20 people over the age of 20. 

One common cause of CAD is atherosclerosis (plaque build-up). Currently, a bare-metal or 

drug-eluting stent is used to force open the artery, but current stents have complications 

including blood clotting and arterial re-narrowing. To mitigate these complications, a novel 

gene- and drug-eluting (GDES) stent was developed. The novel gene- and drug-eluting stent 

(GDES) coating shows favourable properties in vitro. The dual factor elution assists with re-

endothelialization, inhibiting inflammation, and preventing smooth muscle cell proliferation 

leading to restenosis. The stent coating is also flexible, without cracks or breakage during 

expansion or degradation, reducing the risk of thrombosis. The PVA stent coating is 

hemocompatible and fully dissolvable, reducing the risk of polymer-induced inflammation 

long-term. Overall, the stent system may improve clinical outcomes by mitigating current 



 

 55 

complications such as thrombosis, restenosis, polymer-induced inflammation, and endothelial 

dysfunction.  
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Abstract  

Baculovirus gene delivery has shown promise as an insecticide, vaccine vector, and 

recombinant protein production for human therapies. However, baculovirus vectors for direct 

human gene therapy has yet to be fully evaluated. Hence further safety studies in human cells are 

warranted. Here, we investigate the safety of red fluorescent protein (RFP) and vascular 

endothelial growth factor (VEGF) baculovirus delivery in vitro in endothelial and smooth muscle 

cells. Our safety assessment investigates genotoxicity, hemocompatibility, cell viability, cell 

proliferation, and inflammatory response (C-reactive protein and reactive oxygen species 

production) of baculovirus gene delivery. We test multiplicities of infection (MOI) ranging from 

ten to 1000, revealing an excellent safety profile with no signs of inflammation, hemolysis, 

cytotoxicity, thrombosis, and cell proliferation dependent on the gene delivered and cell type.  

Keywords: baculovirus, gene delivery, safety assessment, cytotoxicity, genotoxicity, lysosomes, 

hemocompatibility, VEGF 

Introduction  
 

Baculoviruses are efficient mammalian gene delivery vectors after adding a mammalian 

promoter directly upstream of the gene of interest [81]. Research has indicated an excellent 

biosafety profile with low immunogenicity. They also have a cloning capacity 30 times larger than 

other viral vectors enabling complex protein expression [51]. Finally, they are affordable with little 

cost for scale-up and can be grown at room temperature without a carbon dioxide requirement.  

There are several approved baculovirus products already on the market. Upon this discovery, 

several products have been investigated. Baculoviruses have been used in vaccine production, 

regenerative medicine, and cancer therapy [125]. There are currently four FDA-accepted human 
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products (Cervarix®, Provenge®, Glybera®, and Flublok®). There are also five FDA-accepted 

veterinary products (Porcilis® Pesti, BAYOVAC CSF E2®, Circumvent® PCV, Ingelvac 

CircoFLEX®, and Porcilis® PCV). Current pre-clinical studies are investigating virus-like particle 

production in baculoviruses for the Norwalk, Porcine, Bluetongue, Poliovirus, and other vaccine 

candidates [126].  

Common genes delivered by baculoviruses include fluorescent proteins and growth factors 

[127], [128]. VEGF is a common growth factor present in the body. VEGF is responsible for 

several steps in angiogenesis, including blood vessel formation, cell migration, and cell 

proliferation [129], [130]. It also plays a role in several diseases that have yet to be fully elucidated. 

RFP is another common gene used for easy monitoring and visualization [127], [128].  

However, the virus's fragility limits baculovirus gene therapy and has not been studied 

extensively for direct human gene therapy. The majority of papers report mammalian transduction 

at room temperature and not at typical human physiological conditions (37 oC), which would be 

required for direct human gene therapy [131], [132]. Consequently, safety studies have been 

limited, with the few available reporting no adverse effects. Here we investigate the efficiency and 

safety of baculovirus gene therapy in humans in vitro at physiological conditions.  

We investigate the genotoxicity, hemocompatibility, cytotoxicity, and inflammatory response 

(C-reactive protein and reactive oxygen species production) in smooth muscle and endothelial 

cells. We also investigate lysosomal activity after baculovirus transduction, as this is the main 

method of cellular viral degradation [133]. This information will provide further insight into the 

in vitro safety of the baculovirus. This information will support future in vivo research and the use 

of baculoviruses as a human gene delivery technique.  

Results 
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Baculovirus gene expression and biosafety  

We created a baculovirus that expresses GFP in insect cells and RFP in mammalian cells, 

termed GFP-baculovirus, to allow for visualization and monitoring of the gene delivery process 

(Figure 6). At the same time, we created a baculovirus that delivered VEGF, termed VEGF-

baculovirus. As the amount of baculovirus added increased, the percentage of fluorescent cells 

also increased. There is a significant increase in the percent of fluorescent cells with an MOI of 

1000 compared to lower MOIs. The percentage of fluorescent cells was also maintained over 72 

hours in both cell types.  

(a)  (b)  
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     (c) (d) 

Figure 6. Brightfield images of Sf9 cells infected with baculoviruses 

(a) Phase contrast image of Sf9 cells four days after initial transfection. (b) Sf9 cell infected with 

baculovirus expressing VEGFA titrated using a FastPlax Titration Kit. (c) Brightfield overlayed 

with a green fluorescent image of Sf9 cells infected with baculovirus expressing EGFP after four 

days. Scale bar= 0.5 mm. (d) Uninfected Sf9 cells after four days of incubation. Scale bar= 0.1 

mm.  

 

Since efficient gene expression was observed with MOIs above ten, we studied the impact 

on cell proliferation and viability (Figure 7). The GFP-baculovirus did not alter HUVEC or SMC 

proliferation at any MOI compared to mock transduced cells. There were no changes in cell 

proliferation after 24 and 48 hours. Comparatively, the VEGF-baculovirus significantly increased 

cell proliferation at an MOI of 1000, consistent with the gene function. Lower MOIs of the VEGF-

baculovirus also increased proliferation but not significantly in both cell types. No reduction in 

viability was observed after transduction with the GFP-baculovirus or VEGF-baculovirus at lower 

MOIs. However, at an MOI of 1000, a significant reduction in SMC viability but not HUVEC 

viability was reported after either gene was delivered.   
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(a) (b) (c)  

(d)   (e)  

(f)  (g)  
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(h)  (i)  

(j) (k)  

Figure 7. Baculovirus gene expression and cytotoxicity in SMC and HUVECs 
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(a-c) Fluorescence images of DAPI-stained SMCs transduced with different MOIs of baculovirus 

expressing RFP; (a) MOI 10, (b) MOI 100, and (c) MOI 1000. Percent of fluorescent cells after baculovirus 

transduction; (d) fluorescent HUVECs and (e) fluorescent SMCs. HUVEC proliferation after (f) 24 hours 

and (g) 48 hours. SMC proliferation after (h) 24 hours and (i) 48 hours. Cell viability after BV transduction; 

(j) HUVEC viability and (k) SMC viability.  

 

Lysosomal activity after baculovirus gene delivery 

Lysosomes play a key role in viral clearance and degradation [134]. To determine if 

baculovirus gene delivery impacts lysosomal activity, lysosomes were stained with LysoTracker 

Red after baculovirus transduction. The lysosomal activity was monitored using a previously 

established method [135]. The lysosomal activity significantly (p-value < 0.05) decreased 24 hours 

after baculovirus transduction with higher doses (MOI 100 and 1000) compared to an MOI of 10 

(Figure 8). However, no difference in lysosomal activity was found between the baculovirus 

treatments and mock cells. After 48 hours, lysosomal activity returned to the base level for all 

groups.  
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(a) (b)  

Figure 8. Lysosomal activity following baculovirus transduction 

(a) Lysosomal relative fluorescence (LRF) 24 hours after baculovirus transduction. (b) LRF 48 

hours after baculovirus transduction.  

 

Baculovirus genotoxicity assessment 

Gene delivery may interfere with cellular chromosomal stability leading to the creation of 

micronuclei. However, no significant difference in the number of micronuclei was present between 

different baculoviruses. All treatment groups and mock transduced cells contained significantly 

fewer micronuclei than the DMSO-positive control group. Overall, there was no evidence of 

genotoxicity in HUVECs or SMCs, as indicated by the cytokinesis-block proliferation index 

(CBPI), which accounts for micronuclei presence (Figure 9). 
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(a) (b)  

Figure 9. Cytokinesis-block proliferation index (CBPI) in mammalian cells following 
baculovirus transduction 

(a) CBPI in HUVECs after BV transduction. (b) CBPI in SMCs after BV transduction.  

 

Non-inflammatory response to baculovirus gene delivery  

The generation of reactive oxygen species was evaluated after baculovirus transduction to 

investigate its potential to create an inflammatory environment. Reactive oxygen species (ROS) 

production was evaluated for both baculoviruses with differing amounts (MOIs) seen in Figure 

10a-b. In SMCs, all treatment groups created significantly fewer ROS than the DMSO control. 

There was no significant production of ROS with any MOI. HUVEC produced similar results, 

with all treatment groups producing significantly less ROS than the DMSO control and similar 

ROS to the mock transduced cells.  

C-reactive protein (CRP) production and associated inflammation due to baculovirus gene 

delivery was also investigated. The CRP levels were evaluated after exposure to different MOIs 

of the baculovirus. No significant increase in CRP levels was detected, even at MOIs as high as 
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1000 (Figure 10c-d). Moreover, CRP levels were reduced in HUVECs after baculovirus 

transduction compared to mock transduced HUVECs.  

(a) (b)  
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(c)  

(d)  

Figure 10. Reactive oxygen species (ROS) and C-reactive protein (CRP) production after baculovirus 
transduction 

(a) Percentage of HUVECs expressing ROS. (b) Percentage of SMCs expressing ROS. (c) CRP 

production in HUVECs. (d) CRP production in SMCs. 
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Blood compatibility of the baculovirus    

Blood compatibility of the baculoviruses was evaluated using a standard hemolysis assay. 

Different concentrations of the baculovirus and the suspension media were tested with no 

significant hemolytic effect (Figure 11). The baculovirus showed no significant hemolysis, below 

2 %, even at high amounts (108 TU/mL or 1 mL). Moreover, no significant change in blood clotting 

was observed after baculovirus addition compared to insect cell media and the PBS control.  
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(a)�   

(b)�  

Figure 11. Blood compatibility of the baculovirus 

(a) Hemolysis (%) after exposure to baculoviruses or serum-free media (SFM). (b) Blood clotting after 

baculovirus addition.  

Discussion 
 

Here we demonstrate the in vitro safety of baculovirus gene delivery. Overall, 

baculoviruses are an effective gene delivery system. The number of cells expressing the delivered 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1 3 5 7 9 111315171921232527293133353739414345474951

A
bs

or
ba

nc
e 

(4
05

 n
m

)

Time (minutes)

BV Media Positive control Negative control



 

 70 

gene reached over 30 % despite the high physiological temperatures employed. As the amount of 

baculovirus was added, the relative amount of that gene expressed increased significantly.  

Beneficially, most dosages of baculovirus did not reduce cell viability. When MOIs above 

1000 were used, HUVEC and SMC viability significantly decreased. However, it would be 

difficult physiologically to obtain an MOI above 1000, given the sheer number of cells within the 

human body and the maximum dosage feasible. As expected, the baculovirus expressing VEGF 

increased cell proliferation, whereas the baculovirus expressing RFP did not alter cell proliferation. 

This is expected because VEGF is a common growth factor that stimulates cell proliferation, 

migration, and angiogenesis [136], [137].  

Baculovirus gene delivery showed no evidence of genotoxic effects. Specifically, 24 and 

48 hours after transduction, no increase in cytokinesis-block proliferation index (CBPI) was 

observed compared to the mock transduced cells. All treatment groups and the mock transduced 

had a CBPI significantly lower than the cells treated with a 20 % (v/v) solution of DMSO to induce 

genotoxicity [138].  The same results were shown in both SMCs and HUVECs.  

The immune response to baculovirus gene delivery was also investigated by measuring C-

reactive protein (CRP) and reactive oxygen species (ROS) production. ROS plays a crucial role in 

inflammation and viral clearance [139]. Baculovirus-induced ROS production was comparable to 

mock transduced cells after 48 hours. The mock transduced cells and baculoviruses, expressing 

different genes, produced significantly less ROS than the DMSO positive control. Similarly, CRP 

production did not increase after RFP-baculovirus or VEGF-baculovirus transduction. Even at an 

MOI of 1000, there was no significant difference in CRP production between treatments or the 

mock transduced cells.  
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Baculoviruses have been shown to enter cells via a clathrin-mediated endocytosis [133]. 

Following entry, some virus is often cleared through lysosomes. Typically, lysosomes assist with 

virus degradation and have been shown to play a similar role with baculoviruses [133]. 

Interestingly, lysosomal activity was reduced after the initial baculovirus transduction compared 

to lower MOIs. However, after 48 hours, lysosomal activity returned to base levels compared to 

the mock transduced cells. Together, these findings indicate that baculovirus may hijack lysosomes 

within the first 24 hours, but after 48 hours, they resume their usual activity. 

Future work should investigate the method of viral clearance and the role lysosomes play 

in this. Moreover, given the in vitro safety shown here, future in vivo safety assessments should be 

conducted. In vivo studies can further confirm the immune response within a three-dimensional 

environment.  

We report some limitations to baculovirus delivery such as reduced transduction efficiency 

at physiological conditions. The reduction in baculovirus gene delivery efficiency at 37 oC 

indicates a reduction in virus viability and stability at higher temperatures. This is supported by 

previous studies [140]. Thus, higher amounts of baculovirus are needed to meet the same 

transduction efficiency. However, overall baculoviruses do have a promising outlook for gene 

therapy applications with no evidence of genotoxicity or inflammatory responses. We also report 

good hemocompatibility and no direct impact on cell proliferation or viability at lower doses.  

Conclusion 
 

Baculovirus gene delivery to mammalian cells is efficient and safe. Specifically, even high 

doses of the baculovirus, well above the therapeutic window, were non-cytotoxic, 

hemocompatible, non-genotoxic, and non-inflammatory in both smooth muscle and endothelial 
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cells. These results support its use in further vaccine development, cancer treatment, and gene 

therapy applications for humans [125]. 

Materials and Methods 
 
Cell culture  

Human umbilical vein endothelial cells (HUVECs) and smooth muscle cells (SMCs) were 

maintained in T-25 flasks in a 37 oC, 5 % CO2 incubator. Medium 199 was used with 0.02 mg/mL 

endothelial growth supplement, and 10 % (v/v) fetal bovine serum was used to culture the SMCs 

and complete endothelial growth medium (Sigma Aldrich, Burlington, MA, USA) was used to 

culture the HUVECs. Cells were used within five passages upon receiving. 

Insect cell culture  

Sf9 insect cells (Sigma Aldrich, Burlington, MA, USA) were maintained at 27 oC in 

BacVector medium (Sigma Aldrich) in T-75 flasks or 250 mL shake flasks (Erlenmeyer, CA). The 

Sf9 cells were subcultured 2-3 times weekly and shaken at 130 rpm.  

Gene cloning  

Human VEGFA in a pcDNA3.1+eGFP vector and GFP-RFP in a pBakPak9 plasmid were 

purchased from GenScript (Piscataway, NJ, USA). The VEGFA gene was excised from the 

original plasmid using EcoRI and NotI restriction enzymes (Thermo Fisher, Waltham, MA, USA). 

The recipient plasmid, pOET6, was cut using the same enzymes. The gene fragments and cut 

plasmid were run on a 1 % (m/v) agarose gel for one hour at 90 Volts. The DNA bands were 

YLVXDOL]HG��H[FLVHG��DQG�SXULILHG�XVLQJ�1(%¶V�*HO�([WUDFWLRQ�.LW��The VEGFA gene was ligated, 

using Instant Sticky End Ligase (NEB, Whitby, ON, CA), into the pOET6 plasmid (MJS Biolynx 

Inc., Brockville, ON, Canada). The new plasmid was then chemically transformed into DH5alpha 

E. coli and selected for using ampicillin resistance. Next, 200 ȝL of the bacteria were plated on an 
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LB agar plate containing ampicillin and grown overnight. The next day, the resistant colonies 

containing each gene of interest were selected and grown overnight in 5 mL of Luria Broth media 

to amplif\� WKH� SODVPLG�� 7KH� SODVPLG� ZDV� WKHQ� H[WUDFWHG� DQG� SXULILHG� XVLQJ� 1(%¶V� SODVPLG�

purification kit. The concentration and purity of the plasmid was checked using a NanoDrop 

(Thermo Fisher) and used for all future virus production steps. The pBakPak9 plasmid was used 

as is and designed to express GFP in insect cells (polyhedron promoter) and RFP in mammalian 

cells (cytomegalovirus promoter).  

Baculovirus production 

%DFXORYLUXV� SURGXFWLRQ� ZDV� SHUIRUPHG� IROORZLQJ� WKH� VXSSOLHU¶V� SURWRFRO� SUHYLRXVO\�

described [141]. Briefly, 5 × 105 Sf9 cells, in an exponential growth phase, were seeded into a 12-

well plate one hour before virus transfection. Next, 200 ng of the plasmid with each gene was 

added to 100 ng of flashBAC DNA (MJS Biolynx Inc., Brockville, ON, Canada), 0.48 ȝL of 

TransIT Insect Reagent, and 100 ȝL PBS and incubated at room temperature for 15 minutes. The 

transfection mixture was then added to the Sf9 cells and incubated overnight at 27 oC. The next 

day, 0.5 mL of BacVector media (Sigma Aldrich) was added. Five days after transfection, the 

culture medium was harvested, centrifuged at 1000 x g for 10 min, and stored at 4 oC. This 

generated the Po virus stock and was added to 100 mL of Sf9 cells at a concentration of 2x106 

cells/mL. The infected Sf21 cells were agitated at 130 rpm for four days before harvesting the 

culture medium as described above. This generated P1 baculovirus stock expressing VEGFA or 

GFP-RFP.   

Baculovirus titration  
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The baculovirus P1 stock was titrated using two methods. The fluorescent titration was 

calculated using the EGFP expressed by the baculovirus. The Fast Plax Titration kit (Sigma 

Aldrich) was used to calculate the titration of the three other baculoviruses.   

For the fluorescent tittering assay, 5 × 105 Sf9 cells/well were seeded into a 12-well plate 

and incubated for one hour. During the incubation, the virus was diluted using insect cell medium 

(1:10, 1:25, 1:50, 1:75, 1:100). The cell media was then aspirated off the Sf9 cells and 100 ȝL of 

the virus dilution was added to each well. The plate was incubated for one hour and then an 

additional 0.5 mL of insect cell media was added to each well and incubated at 27 oC. The next 

day, the number of fluorescent cells was counted in each well with less than 40 % of fluorescent 

cells. The following equation was used to calculate the titration:  

Transduction Units (TU)/mL= (number of cells transduced x percent of fluorescent cells x 

dilution factor)/ (transduction volume in mL) 

Baculovirus transduction  

The titrated baculovirus stock was diluted as necessary and used to transduce mammalian 

cells (SMCs & HUVECs) in 96 well plates. After three hours of incubation, the virus inoculum 

was removed and replaced with fresh cell media. The cells were incubated for 24 to 48 hours to 

allow for viral gene expression. Fluorescent images of the cells were taken at different time points 

and stained with DAPI at 48 hpi. Images were acquired using the Columbus Image Data Storage 

and Analysis System (PerkinElmer, USA) and the Operetta® CLS automated microscope.  

Baculovirus gene expression 

HUVECs were seeded into a 96-well plate and incubated overnight. The HUVECs were 

then transduced with different baculovirus MOIs for three hours, after which the virus inoculum 

was removed and replaced with fresh cell media. Twenty-four hours post-infection, the media was 
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frozen at -80 oC for the CRP ELISA and the total RNA from each well was extracted using Bio-

%DVLF¶V�7RWDO�51$�([WUDFWLRQ�.LW��7KH�H[WUDFWHG�51$�ZDV�WKHQ�PL[HG�ZLWK�/XQD�8QLYHUVDO�2QH�

Step RT-qPCR kit (NEB, Whitby, ON, CA) and VEGFA primers (Bio-Rad, Hercules, CA, USA). 

The mixture was then placed into the Eco Illumina PCR® system. Amplification was carried out 

for 40 cycles with 35 seconds (denaturation), 55 oC for 35 seconds (annealing), and 72 oC for 25 

seconds (extension).  

MTT proliferation assay  

To determine the impact of the baculovirus transduction and gene expression on cell 

proliferation, an MTT toxicity kit (Sigma Aldrich, St. Louis, MI, USA) was used. As above, 

different MOIs of BV were added to HUVEC and SMCs and incubated for three hours. After three 

hours, the baculovirus transduction media was removed and replaced with fresh cell media. 

Twenty-four to forty-eight hours after transduction, 0.01 mL of AB Solution (MTT) was added to 

each well 24 hpi. The cells were incubated for two hours at 37 oC to allow MTT cleavage. After 

one hour, 0.1 mL of isopropanol with 0.04 N HCl was added to each well. The isopropanol solution 

was mixed thoroughly via pipetting. The plate was then read using an EnSpire Multimode plate 

reader (Perkin Elmer, USA) with a wavelength of 570 nm.  

Live dead assay 

A Live Dead Assay was employed to determine the baculovirus cytotoxicity. First, 1 × 104 

cells/well were seeded into a 96-well plate and incubated overnight. The next day, different BV 

MOIs were added to each well in triplicate and incubated for three hours. Media alone or DMSO 

was used as a control. After three hours, the transduction media was removed, and fresh media 

was added. The cells were left for 24 to 48 hours to allow for baculovirus gene expression. At the 

designated time point, 5 ȝ/�RI���P0�&DOFHLQ�$0�DQG���ȝ/�RI�����PJ�P/�SURSLGLXP�LRGLGH��ERWK�
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from Thermo Fisher) were added to 10 P/�RI�FHOO�PHGLD��1H[W������ȝ/�RI�WKLV�VROXWLRQ�ZDV�DGGHG�

to the cells and incubated at 37 °C for 30 minutes. After 30 minutes, the plate was imaged using 

the Operetta Image system (five images per well) and analyzed using Columbus.  

Micronucleus assay 

An in vitro micronucleus assay, in compliance with the Organization of Economic 

Cooperation and Development Guidelines for Testing of Chemicals no. 487, was used to determine 

if the virus induces genotoxic effects [142]. First, 2 x 105 cells/well were seeded into a 96-well 

plate. Next, different MOIs of the baculovirus were used to transduce the cells as described above. 

PBS and DMSO were used as the negative and positive controls, respectively. A 20 % (v/v) 

solution of DMSO was applied as this has been shown to induce the most genotoxicity [138]. 

Twenty-four hpi, the cells were fixed with paraformaldehyde and stained with DAPI (Sigma 

Aldrich). The cytokinesis-block proliferation index (CBPI) was calculated using the following 

equation [142], [143]:  

CBPI = [(no mononucleate cells) + (no binucleate cells x 2) + (no multinucleate cells x3)]/  

total no cells 

Lysosomal activity assay 

The lysosomal activity was monitored using a method adapted from McNeil et al. with 

slight modifications [135]. First, HUVECs were transduced with baculovirus for three hours. After 

transduction, fresh media was added to the cells and incubated for 24 or 48 hours. LysoTracker 

Red (Thermo Fisher) was added to the cells at the designated time points. Columbus was then used 

to calculate the LysoTracker red fluorescence (LRF). The percent of LRF was calculated using the 

following equation.  

% LRF = (Emission of BV transduced cells) ± (Emission of cell-free BV blank) 
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       (Emission of cell-free media blank) ± (Emission of cell media)  

Reactive oxygen species (ROS) assay 

To determine if the baculovirus induces ROS, mammalian cells were seeded into 96-well 

plates and incubated overnight as above. Next, different MOIs of the baculovirus were added to 

the cells and incubated for three hours. After three hours, the virus inoculum was removed and 

replaced with fresh media. The following day, a ROS kit (Abcam ab186027, Waltham, Boston, 

0$��86$��ZDV�XVHG�WR�HYDOXDWH�526�SURGXFWLRQ�IROORZLQJ�WKH�VXSSOLHU¶V�LQVWUXFWLRQV��7KH�SODWH�

was imaged using the Operetta microscope system. The mean well intensity and number of cells 

expressing ROS were calculated using Columbus.  

C-reactive protein (CRP) ELISA  

CRP is a marker for inflammation and infection [144]. A CRP ELISA was employed to 

determine if the baculovirus or subsequential gene production induces CRP (Ab260058, Abcam). 

The frozen samples from the baculovirus gene expression were treated and added to the ELISA 

SHU�WKH�VXSSOLHU¶V�SURWRFRO�� 

Hemocompatibility studies 

The potential hemolysis of the baculovirus and the baculovirus-delivered genes was 

evaluated using an established method. All tested samples were immersed into 5 mL PBS in a 15 

mL centrifuge tube. Next, 4 mL of citrated blood was mixed with 5 mL PBS and 0.1 mL of the 

diluted blood was added to each sample. The samples were incubated at 37 oC for one hour and 

then centrifuged at 1000 rpm for 10 minutes. The supernatant containing the lysed hemoglobin 

was placed into a 96-well plate and the absorbance was read at 545 nm. A standard hemolysis 

curve was generated by mixing different dilutions of PBS with distilled water. The absorbance was 
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measured, and the percent hemolysis was plotted against absorbance to create the standard curve. 

This standard curve was used to determine the percent hemolysis for all samples.  

The impact of baculovirus on blood clotting time was also investigated using a protocol 

adapted from Alexandre et al. [145]. Briefly, whole blood from the donors was centrifuged at 

10,000 rpm for 10 minutes to separate the platelet-rich plasma (PRP). During the centrifugation, 

100 ȝL dilutions of the baculovirus and suspension media were prepared in a 96-well plate (none, 

1:2, 1:4, and 1:8 dilutions). Next, 50 ȝL of the PRP was added to each well in triplicate. Finally, 

100 ȝL of 0.025 M calcium chloride was added to each well to initiate clotting. Wells with PBS 

were used as the controls, with no calcium chloride added to the negative control group. The plate 

was read every 30 seconds for 45 minutes at 405 nm using the same plate reader as previously 

mentioned.  

Statistical analysis  

All results are reported as a mean ± standard deviation (SD) of triplicates. GraphPad Prism 

(version 9.0.0 for Windows, GraphPad Software, San Diego, California USA, 

www.graphpad.com) was used for all one-way ANOVA data analysis with a post-KRF�7XNH\¶V�

test.  
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Bridging text 
 

Confirming the baculovirus gene delivery system's in vitro safety and efficiency is the first 

step to generating a gene-eluting stent. Direct human baculovirus gene therapy studies have been 

limited. Experiments ranging from hemocompatibility, cytotoxicity, and inflammation were 

conducted to confirm that our specific baculovirus system is safe.  

First, proper gene expression from the baculovirus was confirmed. The green (GFP) and 

red fluorescent protein (RFP) expressed by the control baculovirus were used for monitoring gene 

expression. The other baculovirus gene expression was evaluated using RT-qPCR to measure 

mRNA levels of the specific GOI. As the amount of baculovirus was added, the levels of the gene 

of interest also rose.  

Given that gene expression is confirmed I wanted to investigate the overall in vitro safety. 

I specifically looked at hemocompatibility, which is important given that the baculovirus will be 

in direct contact with the blood as either a wound dressing or stent system. Beneficially, I found 

that the baculovirus did not change the blood clotting time or cause hemolysis of blood cells. I also 

investigated the cytotoxicity of the baculovirus using an MTT proliferation and Live Dead Assay. 

Overall, I found that even high doses of the baculovirus did not significantly impact SMC or 

HUVEC viability. However, the proliferation depended on the gene being expressed by the 

baculovirus as desired. Cytotoxicity experiments are important to determine the therapeutic index 

and safety range. Especially for medical devices, a large safety margin is essential. Next, I looked 

at the inflammatory environment. Atherosclerotic disease progression occurs with an increase in 

inflammation, so it is important that the baculovirus gene delivery does not further contribute to 

this. Specifically, C-reactive protein (CRP) and reactive oxygen species (ROS) are one of the first 

signs of inflammation in PAD and CAD. I found that baculovirus transduction and gene expression 
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did not significantly increase ROS or CRP. I also investigated if baculovirus gene delivery altered 

lysosomal activity to see if the virus could hijack typical cellular responses. This could cause 

downstream and unintended consequences. However, I found no significant change in lysosomal 

activity after 48 hours.  

All the above-mentioned tests were conducted on every baculovirus. However, the paper 

only includes the baculoviruses expressing VEGF and RFP was shown. Overall, from these tests, 

I concluded that baculovirus gene delivery is safe and efficient. With direct baculovirus gene 

delivery, a single dose can only be given, and the gene expression lasts only a few days. The next 

step would be to create a baculovirus delivery system delivery capable of controlled and sustained 

baculovirus delivery. The delivery length can then be optimized to express the duration of the 

therapeutic window for the specific application. For example, the following two weeks after stent 

implantation are the most important for restoring proper endothelial function and thus baculovirus 

gene delivery and gene expression should last this long.  

There are several methods for controlling and sustaining baculovirus delivery. Methods 

include nanoparticle encapsulation, hydrogel loading, targeted delivery, and more. I investigated 

all options but found that hydrogel loading demonstrated the best safety and efficiency. The 

following two papers will investigate different hydrogel formulations for baculovirus gene 

delivery.  
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CHAPTER 5: Alginate-chitosan hydrogel formulations sustain 

baculovirus delivery and VEGFA expression, which promotes 

angiogenesis for wound dressing applications. 

 
Schaly, S., Islam, P., Abosalha, A., Boyajian, J. L., Shum-Tim, D., & Prakash, S. (2022). Alginate-Chitosan 

Hydrogel Formulations Sustain Baculovirus Delivery and VEGFA Expression Which Promotes 

Angiogenesis for Wound Dressing Applications. Pharmaceuticals (Basel, Switzerland), 15(11), 1382. 

https://doi.org/10.3390/ph15111382. 
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Abstract 

Hydrogel wound dressings are effective in providing a wound-healing environment but are 

limited by their ability to promote later stages of revascularization. Here, a biosafe recombinant 

baculovirus expressing VEGFA tagged with EGFP is encapsulated in chitosan-coated alginate 

hydrogels using ionic cross-linking. The VEGFA, delivered by the baculovirus, significantly 

improves cell migration and angiogenesis to assist with wound healing and revascularization. 

Moreover, the hydrogels have an encapsulation efficiency of 99.9 %, no cytotoxicity, antimicrobial 

properties, good blood compatibility, promote hemostasis, and enable sustained delivery of 

baculoviruses over eight days. These hydrogels sustain baculovirus delivery and may have clinical 

implications in wound dressings or future gene therapy applications. 

Keywords: baculovirus; encapsulation; wound healing; angiogenesis; gene delivery; VEGFA; 

revascularization; wound dressing; targeted delivery; alginate; chitosan 

Introduction 
 

Baculoviruses (BVs) are insect viruses that can be genetically engineered to express 

recombinant growth factors within a host. This property makes them effective for short-term gene 

therapy, including wound dressings [1±3]. Baculoviruses are also safer than alternative viral 

delivery systems. Specifically, many alternative viral delivery systems (lentiviral, retroviral, and 

adenoviral vector) are human pathogens capable of producing replication-competent viruses [108]. 

0RUHRYHU�� WKH�EDFXORYLUXVHV¶� LQDELOLW\� WR� LQWHJUDWH� LQWR� WKH�KRVW�'1$�RU� FKURPRVRPHV� IXUWKHU�

supports its biosafety and use in gene delivery [50]. Baculoviruses also provide significantly higher 

gene expression than plasmid or other viral gene delivery due to the lack of pre-existing immunity. 
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This is unlike adenoviruses which elicit a humoral and cellular immune response preventing re-

administration [146]. 

Moreover, due to their high specificity, they can be genetically engineered to target only 

specific cell types [110]. In addition, baculoviruses can be easily scaled up, mitigating the cost 

typically associated with gene delivery [77]. Baculoviruses provide a biosafe, low-cost, low 

cytotoxicity, non-replicative vector with a large cloning capacity [1±3]. Thus far, baculoviruses 

have shown promising results in treating several diseases (such as atherosclerosis, prostate cancer, 

and gastric cancer) in humans and animals [82], [87], [113]. Still, their full potential has yet to be 

exploited. However, some limitations must be overcome first, including serum inactivation, virus 

fragility, and consequential transient delivery [101], [104]. 

Encapsulation of baculoviruses provides a promising avenue to overcome these limitations 

and sustain baculovirus delivery. Specifically, natural polymers such as alginate and chitosan are 

biocompatible and biodegradable, have extensive human safety studies, and are cost-effective 

options for encapsulation [16±19]. Alginate also has antimicrobial properties, can be cross-linked 

with calcium chloride and exhibits reversible binding to VEGF, leading to a sustained release 

[120]. Similarly, chitosan has anti-inflammatory, antimicrobial, and antioxidant properties [121]. 

Chitosan can also be complex with negatively charged particles such as baculoviruses to sustain 

delivery and improve transduction efficiency [122]. The polymeric capsules can also increase 

stability, solubility, prolong gene expression, and promote site specificity which allows for a lower 

dosage and less cytotoxicity [123]. 

Moreover, baculovirus encapsulation prevents immune inactivation, effectively shielding 

the virus from the immune system. Cell and bacterial encapsulation have been extensively 

investigated, showing promising results in localized treatment with sustained efficacy [124]. 
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However, the efficiency and effectiveness of baculovirus encapsulation have yet to be shown and 

applied. 

Wound healing is a complex process involving four main stages, including coagulation, 

inflammatory, proliferative, and remodeling phase [147]. The coagulation and inflammatory phase 

include platelet aggregation to help with blood clotting and removing bacteria. These platelets 

release growth factors to attract immune cells. The proliferative phase then commences, which 

includes angiogenesis, epithelialization, collagen deposition, and more. The final stage includes 

remodeling and when scar formation can occur. One method to enhance healing is to provide a 

wound dressing that provides an antimicrobial and moist environment [148]. The moist 

environment can promote cell migration, angiogenesis, and epithelialization leading to 

significantly improved healing at the injury site [25±27]. Specifically, hydrogels synthesized from 

different polymers have been shown to be effective, and some even elute growth factors, 

antibiotics, or pain medication to promote healing and prevent scar formation [149], [150]. For 

instance, vascular endothelial cell growth factor A (VEGFA) is known to be one of the most potent 

pro-angiogenic factors and plays a key role in wound healing [30±32]. Specifically, VEGFA 

promotes endothelial cell migration, proliferation, and capillary tube formation. Furthermore, 

intradermal VEGF injections have accelerated diabetic wound-healing [151], [152]. Here, we 

investigate hydrogel delivery of baculoviruses expressing VEGFA to promote cell migration and 

angiogenesis as a potential candidate for wound dressing applications.  

Results 
 
Hydrogel Formulation Morphology 
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(a-b) Brightfield images of the hydrogels swollen in PBS at 4×, the scale bar represents 1 mm. (a) Alginate 

hydrogel; (b) alginate hydrogel coated with chitosan; (c,d) SEM images of the dried hydrogels at different 

magnifications. 

The spherical hydrogels formed instantly upon dropping the alginate virus solution into the 

calcium chloride cross-linking solution. The resultant alginate±BV hydrogels were coated with 

chitosan (termed alginate±chitosan hydrogels). The chitosan coating on the alginate capsules 

changed the surface morphology, as seen in Figure 12a,b. The hydrogels were observed under a 

  

(a) (b) 

  

(c) (d) 

Figure 12. Alginate-chitosan hydrogel morphology. 
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brightfield microscope revealing hydrogels around 2 mm in diameter with a smooth surface 

appearance. The surface was more closely evaluated using FEI Quanta 450 SEM revealing a more 

rigid surface (Figure 12c,d). The hydrogel characteristics are outlined below in Table 2.  

Table 2. Hydrogel zeta potential, size, and swelling ratios. The zeta potential of the hydrogels, 
after being washed and resuspended in Milli-Q water (n = 3/group, 10 runs each). The average 

size of 10 randomly selected spherical hydrogels. The average swelling ratio of the different 
hydrogel formulations (10 different hydrogels/group, selected at random). 

Property  Alginate Alginate±BV Alginate±
Chitosan 

Alginate±
Chitosan±BV 

Zeta potential (mV ± SD) í����������� í����������� 6.62 ± 0.35 í����������� 
Size (mm ± SD) 2.17 ± 0.06 2.12 ± 0.07 2.21 ± 0.10 2.37 ± 0.10 

Swelling ratio (average ± 
SD) 1.51 ± 0.05 1.48 ± 0.05 1.54 ± 0.07 1.65 ± 0.07 

The hydrogel stability was observed over several months, with most of the hydrogels 

remaining intact after three months at room temperature and 4 °C. However, the baculovirus 

diffused over time, so the hydrogels must be freshly prepared. The hydrogels swelled ~1.5-fold 

after initial drying in a 37 °C incubator and then slightly over time in PBS, saline, and at a pH of 

4. Hydrogel swelling was observed over one month with no significant size difference over time. 

Moreover, the hydrogels dissolved more quickly in an acidic environment (pH of 4).  

Baculovirus (BV) Activity and Elution from the Hydrogels  
 

The supernatant from the freshly formed hydrogels was used to determine the 

encapsulation efficiency. The encapsulation efficiency of the hydrogels was 99.9 %. Moreover, 

the baculovirus was released in a sustained manner over eight days. The virus activity was assessed 

in human umbilical vein endothelial cells (HUVECs), as seen in Figure 13.  
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(a) (b) 

 
 

(c) (d) 

Figure 13. Baculovirus release and expression from hydrogels. 

(a) Percentage of fluorescent HUVECs after transduction with baculovirus eluted from hydrogels. (b) 

Brightfield image overlaid with a fluorescent image of HUVECs transduced with baculovirus eluted from 

alginate±chitosan hydrogels on day 3 at 20× magnification, scale bar = 200 ȝm. (c) Cumulative BV release 

(%) from alginate and alginate±chitosan hydrogels. (d) Percentage of fluorescent HUVECs after 

transduction with BVs or hydrogel suspension media, 24 hpi. n = 3 per group for each experiment. * 

Indicates a significance of p < 0.05 

Both hydrogels provided sustained baculovirus elution. The alginate hydrogels had a larger 

initial burst release of baculovirus than those coated with chitosan. Up to 41 % of cells expressed 

the VEGFA-EGFP when transduced with the alginate±baculovirus hydrogels on day 4. 

Comparatively, up to 40 % of cells expressed the gene of interest when transduced with the 

baculovirus eluted from the alginate±chitosan hydrogels on day 8. The virus elution also remained 
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stable over eight days for the alginate hydrogels and over 10 days for the alginate±chitosan 

hydrogels. The baculovirus elution slowly diminishes over time. Hydrogel delivery improves the 

therapeutic efficacy by releasing the baculovirus over several days instead and all at once if left 

unencapsulated. The baculovirus VEGFA delivery increased VEGFA expression up to 25.76-fold 

with an MOI of 50 compared to the mock-infected cells (PBS). 

 

Hydrogel formulations delivering baculovirus demonstrate therapeutic potential over seven 
days 
 

The baculovirus eluted from the hydrogels maintained activity. The baculovirus-hydrogel 

system demonstrated beneficial properties, including no cytotoxicity, good blood compatibility, 

antimicrobial properties, and significantly improved wound healing and angiogenesis compared to 

the mock cells (Figure 14). VEGFA activity was maintained from the baculovirus, as demonstrated 

by the improved cell migration over time. Both hydrogels significantly improved cell migration in 

HUVECs over the course of seven days (Figure 14). Moreover, the alginate hydrogels 

demonstrated significantly less cell migration when compared to chitosan-coated hydrogels. 

However, the alginate hydrogels were still significantly better at promoting wound healing 

compared to the mock-infected cells (Figure 14c). Angiogenesis also significantly improved with 

the baculovirus treatment, as shown by the longer branching and increased number of nodes after 

tube formation (Figure 14a,b). The hydrogels also prevented E. coli and C. albicans growth 

directly below and inhibited C. albicans growth surrounding the alginate±chitosan hydrogels 

(Figure 14i).  
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(h) (i) 

Figure 14. Hydrogel therapeutic properties. 

 (a) Total branching length of tube formation after treatment with BV expressing VEGFA compared to the 

mock transduced cells. (b) A number of junctions formed during angiogenesis assay compared to the mock 

transduced cells. (c) Wound area remaining after hydrogel or baculovirus treatment for 12 h compared to 

the mock transduced cells. (d±g) Brightfield images of wound area 12 h after wounding and staining with 

crystal violet at 10×; (c) mock transduced and (d) transduced with BV released from alginate hydrogels on 

day 8; (e) transduced with BV released from chitosan±alginate hydrogels on day 8; (h) control baculovirus 

transduction with a MOI of 100; (g) wound area (%) after hydrogel treatment over time compared to the 

mock cells. (i) Growth inhibition zone of bacteria from alginate and alginate±chitosan hydrogels using the 

antimicrobial disc diffusion method. n = 3 per group. * Indicates a significance of p < 0.05 and ** indicates 

a significance of p < 0.005 (see the Appendix for additional data). 

The baculovirus delivery system also demonstrated a high safety profile. Specifically, there 

was no significant decrease in proliferation or viability in the hydrogel-treated cells compared to 

the mock-infected cells. The baculovirus significantly improved cell proliferation compared to the 

mock transduced cells (Figure 15a). The viability also remained high for all treatment groups, 

above 94.3 %, with no significant difference except for the alginate hydrogels (Figure 15b). 

Moreover, the baculovirus and hydrogel delivery system demonstrated blood biocompatibility 
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with no significant hemolysis (Figure 15c). The baculovirus, gene expression, and hydrogel 

formulations all showed negligible hemolysis, below 5 %. The hydrogels also promoted whole 

EORRG�FORWWLQJ�RYHU�WLPH�FRPSDUHG�WR�WKH�SRO\VW\UHQH�³PRFN´�FRQWrol (Figure 15d). Overall, the 

baculovirus-eluting hydrogels demonstrated no cytotoxicity or antimicrobial properties, and 

improved cell migration and angiogenesis.  

  

(a) (b) 

 
 

(c) (d) 

Figure 15. Hydrogel cytotoxicity and hemocompatability studies. 

 (a) MTT proliferation assay with HUVECs after treatment with different hydrogels or the BV compared 

to the mock transduced cells. (b) HUVEC viability (%) after BV transduction or hydrogel incubation for 
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24 h compared to the mock cells. (c) Compared to the mock cell media, hemolysis (%) of the hydrogels, 

baculovirus (BV), and VEGFA expressed from the BV. (d) Whole blood clotting on the surface of the 

hydrogels compared to polystyrene (mock) and deionized water (control). n = 3 per group and repeated 

twice. * indicates p < 0.05 and ** indicates p < 0.005. 

Discussion 
 

The hydrogel delivery formulation presented here is cost-effective, requiring few resources 

and natural polymers (alginate and chitosan) that are widely abundant and inexpensive. Alginate 

and chitosan are also known for their excellent biocompatibility, bioadhesion, and biodegradability 

[153]. Moreover, the hydrogels do not require harsh solvents, promoting their safety and 

preventing baculovirus inactivation during synthesis. The hydrogels are also easily pre-sterilized 

to avoid bacterial contamination in the wound.  

The ionically cross-linked hydrogels were smooth and demonstrated good stability at 

various temperatures and osmotic gradients. Their stability at different temperatures is also 

beneficial to improve the feasibility and allows for sufficient storage time before expiration. 

Moreover, their stability in saline, PBS, and at a pH of 4 demonstrates their ability to perform in 

various physiological conditions. A pH of 4 would be comparable to the acidic environment 

observed as wounds begin to heal [154]. Moreover, a 1 (v/v) % concentration of acetic acid has 

been shown to be effective against a wide range of bacteria and fungi, effectively preventing 

infection and multi-resistant bacteria [155]. Beneficially, the chitosan coating is dissolved in acetic 

acid, which creates an acidic environment to promote wound healing [154]. Moreover, hydrogel 

swelling is important for bacterial entrapment and microbial growth inhibition [156].  

The high baculovirus encapsulation (99.9 %) promotes the system's deliverability and 

minimizes costs with the little virus going to waste. The baculovirus elution was sustained over 
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eight days, overcoming the transient baculovirus delivery previously reported [101], [104]. 

Moreover, sustained baculovirus elution has a vast potential in chronic wound environments, 

whereby healing is a slow process. The virus activity also remained active and was capable of 

transducing 40 % of cells with an MOI of 50. Overall, this delivery system can prolong baculovirus 

delivery with a therapeutic effect. 

The baculovirus eluted from the hydrogels also possessed beneficial properties for wound-

healing applications, including no cytotoxicity, good blood compatibility, and significantly 

improved wound healing and angiogenesis compared to the mock cells. Specifically, there was no 

significant difference in proliferation or viability in the hydrogel-treated cells compared to the 

mock-infected cells. Moreover, the baculovirus and hydrogel delivery system demonstrated blood 

biocompatibility with no significant hemolysis. The hydrogels also promoted blood coagulation 

over time (15±45 min), effectively preventing excessive bleeding and creating a barrier for the 

wound. The VEGFA expression from the baculovirus hydrogels also significantly improved 

HUVEC migration over eight days leading to improved considerably wound healing. 

Moreover, the baculovirus delivery significantly improved tube formation in the 

angiogenesis assay, which can assist with wound revascularization. The chitosan coating 

demonstrated the best wound-healing ability, which may be attributed to improved baculovirus 

transduction due to the positively charged chitosan and slightly acidic pH created by the polymer 

coating [157]. Overall, the chitosan coating prolonged baculovirus delivery and improved wound 

healing, cell proliferation, and antimicrobial resistance.  

Some limitations include investigating the immune and cytokine response and other growth 

factors. The possibility of fibromatosis due to growth factor elution should also be investigated. 

However, preliminary studies reveal that VEGF promotes fibrogenesis but is also needed for 
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fibrosis resolution [158]. Future studies should also investigate the in vivo impact on healing with 

reference to the immune response and the several organ systems at play. Overall, these 

baculovirus-eluting hydrogels enable sustained baculovirus delivery which releases VEGFA to 

promote cell migration, proliferation, and tube formation along with beneficial safety properties 

in vitro. The baculovirus-eluting hydrogels may have future applications in wound healing through 

the promotion of angiogenesis. 

Conclusion 
 

%DFXORYLUXV¶�9(*)$�JHQH�GHOLYHU\�WR�HQGRWKHOLDO�FHOOV�LV�HIILFLHQW�DQG�VDIH��$OJLQDWH�DQG�

chitosan±alginate hydrogels, with an encapsulation efficiency of 99.9%, can prolong virus delivery 

and increase the therapeutic window. Moreover, the encapsulated baculovirus maintained its 

activity and was released in a sustained manner over eight days. The virus transduction efficiency 

can reach over 40% with the hydrogel delivery system. The baculovirus elution stimulates tube 

formation, cell proliferation, and cell migration, all contributing to angiogenesis. This may be 

beneficial for chronic wound-healing applications. Moreover, this is proof of concept that 

encapsulation can prolong baculovirus elution, making it a candidate for several gene therapy 

applications.   

Materials and Methods 
 
Insect cell culture  

Sf21insect cells (Invitrogen Life Technologies, Carlsbad, CA, USA) were maintained at 

27 °C in SF900 II serum-free medium in T-75 flasks or 250 mL shake flasks (Erlenmeyer, CA, 

USA). The Sf21 cells in the shake flasks were maintained in a shaking incubator at 130 rpm. The 

cells were subcultured two to three times weekly to maintain the exponential growth phase. 

Gene cloning  
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The human VEGFA in a pcDNA3.1 + eGFP vector was purchased from GenScript USA. 

The EGFP-tagged VEGFA gene was excised from the original plasmid using EcoRI and XbaI Fast 

Digest restriction enzymes (Thermo Fisher, Waltham, MA, USA). The resultant genes of interest 

were run on a 1 % (m/v) agarose gel containing SYBR Green (Thermo Fisher) at 100 Volts. After 

one hour, the DNA bands were visualized using a blue light transilluminator (miniPCR bio, 

%RVWRQ��0$��86$���(DFK�JHQH�IUDJPHQW�ZDV�H[FLVHG�DQG�SXULILHG�XVLQJ�1(%¶V�*HO�([WUDFWLRQ�

Kit. The genes of interest were each ligated, using Instant Sticky End Ligase (NEB), into the 

pOET6 plasmid with compatible sticky ends. The VEGFA-eGFP-pOET6 plasmid was then 

chemically transformed into DH5Į E. coli (Thermo Fisher) and selected for using the ampicillin 

resistance present within the pOET6 plasmid (MJS BioLynx Inc., Brockville, ON, Canada). 

Different LB agar plates were streaked with different dilutions of the transformed bacteria and 

grown overnight. The next day, the resistant colonies containing the gene of interest were selected 

and grown overnight to amplify the plasmid. The plasmid was then extracted and purified using 

1(%¶V�SODVPLG�SXULILFDWLRQ�NLW��7KH�UHVXOWDQW�SXULILHG�S2(7��SODVPLG��HDFK�ZLWK�D�JHQH�RI�LQWHUHVW��

ZDV�XVHG�IRU�DOO�IXWXUH�YLUXV�SURGXFWLRQ�VWHSV�RU�IUR]HQ�DW�í����&�IRU�IXWXUH�Xse.  

Baculovirus production 

7KH�VXSSOLHU¶V�SURWRFRO�ZDV�IROORZHG�IRU�EDFXORYLUXV�SURGXFWLRQ�>��@��,Q�DQ�H[SRQHQWLDO�

growth phase, 5 × 105 Sf21 cells were seeded into a 12-well plate one hour before virus 

transfection. Next, 200 ng of VEGFA-EGFP-pOET6 plasmid was added to 100 ng of  

flashBAC DNA (Oxford Expression Technologies, Oxford, UK), 0.48 ȝL of TransIT Insect 

Reagent (MJS BioLynx, Brockville, ON, Canada), and 100 ȝL PBS and incubated at room 

temperature for 15 min. The transfection mixture was then added to the Sf21 cells and incubated 

overnight at 27 oC. The next day, 0.5 mL of SFM-II was added. Five days after transfection, the 
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culture medium was harvested and centrifuged at 1000× g for 10 min. The supernatant was 

collected and stored at 4 °C (Po virus stock). To amplify the baculovirus, 100 mL of Sf21 cells 

were diluted to 2 × 106 cells/mL in SF900II medium, and 0.4 mL of Po virus stock was added. The 

infected Sf21 cells were agitated at 130 rpm for four days before harvesting the culture medium as 

described above. This generated P1 baculovirus stock expressing VEGFA.  

Baculovirus titration  

The baculovirus was titrated using viral plaque assays or endpoint dilutions to determine 

the initial stock concentration and encapsulation efficiency, respectively. For the plaque assay, 0.5 

× 06 cells were seeded into each well of a 12-well plate and incubated for one hour. A sample of 

the P1 virus stock was used to make serial dilution (down to 10í�). After the one-hour incubation, 

the media was removed from each well and 100 ȝL of each dilution (10í� to 10í��dilutions) was 

added to a well in triplicate. The infected Sf9 cells were incubated at room temperature for 1 h, 

after which the 100 ȝL of inoculum was removed. For the plaque assay, a 1 % (m/v) agarose-SFM-

II overlay was added to the side of each well. The overlay solidified at room temperature, after 0.5 

mL of SFM-II was added. The plate was then incubated at 27 °C for 4 days. After 4 days, 0.5 mL 

of neutral red (0.25 mg/mL) was added to each well and incubated for 3 hours. After 3 hours, the 

neutral red stain was removed, and the plates were inverted to allow the plaques to clear. Wells 

with 10 to 30 plaque-forming units (PFUs) were counted, and the plaque count was averaged to 

determine the viral titer using the following equation.  

Titer of virus (pfu/mL) = (average plaque count) × (dilution factor *) × (10**). 

* Dilution factor = the inverse of the dilution used on the counted plate. 

** Multiply by 10 because 0.1 mL was applied to each dish. 
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For the endpoint dilution, 10,000 Sf21 cells were seeded per well in a 96-well plate and 

incubated for 1 hour. During this time, serial dilutions of the virus were made using SFM-II (down 

to 10í��). After the one hour incubation, each virus dilution was added to 10 separate wells. The 

plate was then incubated for five days and observed for cytopathic effect (CPE) in each well. The 

titer was calculated using the following equation.  

7LWHU��SIX�P/�� ��������=��;�í������  

where Z is Log 10 of the starting dilution (1 for a ten-fold dilution) and X is the sum of the fractions 

of CPE-positive wells. 

Endothelial cell culture  

Human umbilical vein endothelial cells (HUVECs) were purchased from Sigma Aldrich. 

The HUVECs were maintained in T-25 flasks in a 37 °C, 5 % CO2 incubator. A complete 

endothelial growth medium (Sigma Aldrich, St. Louis, MI, USA) was used to culture the 

HUVECs. Cells were used within 4±5 passages upon receiving. 

Spherical hydrogel preparation 

Ionic cross-linking was employed for virus encapsulation under aseptic conditions. First, a 

4 % (m/v) sodium alginate, 2 % (m/v) chitosan with 0.5 % (v/v) acetic acid, and 100 mM calcium 

chloride solution was prepared (Sigma Aldrich and Bio-Basic, Markham, ON, Canada). The 

sodium alginate and chitosan were sterilized in the autoclave for 20 min. The calcium chloride was 

sterilized using a 0.20 ȝm filter. Next, 1.5 mL of sodium alginate solution was mixed with either 

sterile water for the mock hydrogels or baculovirus stock in a 50:50 ratio. The remaining 2 % (m/v) 

alginate solution was then loaded into a 5 mL syringe and added dropwise, using a 30-gauge 

needle, into a beaker containing 20 mL of calcium chloride, stirring on the lowest possible setting. 

The hydrogels formed instantly and were allowed to solidify in the beaker for 10 min. After this, 
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the calcium chloride solution was aspirated off, and 1 mL of the 2 % (m/v) chitosan solution was 

added for 5 minutes. The supernatant was saved to determine the encapsulation efficiency. The 

hydrogels were washed with PBS three times and finally resuspended in PBS to evaluate the virus 

elution over time.  

Hydrogel morphology and swelling 

To observe the morphology, freshly formed hydrogels were imaged under an inverted 

microscope using brightfield at 4 × magnification. The size of 10 random hydrogels was measured 

using ImageJ. Some of the spherical hydrogels were dried overnight, imaged, and measured to 

determine the swelling ratio using the following equation:  

Swelling ratio= Weightswollen/Weightdry  

Scanning electron microscopy (SEM) 

The uncoated and coated hydrogels were removed from suspension and dried overnight in 

a 37 °C incubator. They were then visualized using a FEI 450 Quanta SEM under high vacuum at 

10 kV.  

Zeta potential  

The hydrogels were resuspended in MilliQ water. Next, a zeta potential analyzer with 

electrophoretic laser Doppler anemometry (Brookhaven Instruments Corporation, Holtsville, New 

York, NY, USA) was used to determine the surface charge of the hydrogels. Zeta Potential 

Analyzer version 3.57 software was used to determine the zeta potential. Each measurement was 

obtained after taking the average of the ten runs.  

Encapsulation efficiency of the gydrogel delivery formulation 

The supernatant from the virus encapsulation process was preserved and titrated to 

determine the encapsulation efficiency.  
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Encapsulation efficiency % = encapsulated virus concentration/ initial virus concentration × 100 %  

Hydrogel stability 

The stability of the hydrogels was evaluated using an osmotic pressure and a rotational 

stress test. The osmotic pressure test was performed by transferring 50 microcapsules into 

deionized water in a flask. The rotational stress test consisted of transferring 50 microcapsules into 

a hypotonic solution (deionized water) and shaking it at 150 rpm at 37 °C for several days. The 

hydrogels were also resuspended in PBS pH 7.4, saline solution, or PBS pH 4 (addition of HCl) 

and shaken to test their stability in a variety of environments.  

Antimicrobial studies  

The antimicrobial properties of the alginate and alginate±chitosan hydrogels were tested 

using an adapted disc diffusion method [159]. Briefly, E. coli was grown in Luria-Bertani (LB) 

medium, and C. albicans were grown in YPD media. Dilutions of the bacteria were spread on LB 

agar or YPD agar plates to determine the number of colony-forming units (CFU). The bacteria 

were diluted to 108 CFU/mL and 100 ȝL was spread onto fresh LB/YPD agar plates. The different 

hydrogels were plated onto the plates containing E. coli or C. albicans and incubated at 37 °C for 

up to 24 hours. A drop (10 ȝL) of penicillin was used as a negative control. After 24 h, the area of 

growth inhibition was observed and measured.  

Baculovirus release and activity  

Release studies were performed by incubating freshly formed hydrogels, containing 

baculovirus in 2 mL of PBS. The supernatant (baculovirus in PBS) was removed and replaced with 

fresh PBS every 24 h until all virus was released. The hydrogel suspension media was then used 

to transduce mammalian cells (HUVECs) in 96-well plates to determine the virus activity.  

Baculovirus transduction  
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The hydrogel suspension media or the virus stock itself was added to either HUVECs, in 

black 96-well plates (Corning 3603) and incubated at 37 °C. After three hours of incubation, the 

virus or hydrogel suspension media was removed and replaced with fresh cell media. The cells 

were incubated for 24±48 h to allow for viral gene expression. These cells were then imaged using 

the green and blue fluorescent filter in the ImageXpress Micro® Confocal High-Content Imaging 

System (Molecular Devices, San Jose, CA, USA). At 24 hours, the cells were imaged using 

brightfield and fluorescent microscopy (green filter). At 48 h, the percent of fluorescent cells was 

compared to the number of cells using DAPI staining for the nuclei (blue filter) and a green filter 

for the EGFP-tagged VEGFA expression.  

Baculovirus gene expression 

VEGFA PCR primers were purchased from Bio-Rad. HUVECs (2 × 104 cells/well) were 

seeded into a 48-well plate and incubated overnight. The HUVECs were then transduced with 

different MOIs of baculovirus for three hours after which the virus inoculum was removed and 

replaced with fresh cell media. At 24 hours post-infection (hpi), the media was saved for the 

angiogenesis assay, and the total RNA from each well was extracted using Bio-%DVLF¶V�7RWDO�51$�

Extraction Kit. The extracted RNA was then mixed with the Luna Universal One-Step RT-qPCR 

kit (NEB) and primers. The mixture was then placed into the Eco Illumina PCR® system. 

Amplification was carried out for 40 cycles with 35 s (denaturation), 55 °C for 35 s (annealing), 

and 72 °C for 25 s (extension).  

MTT proliferation assay  

An MTT cell growth assay kit was purchased from Sigma Aldrich. As above, different 

MOIs of BV and the hydrogel supernatant were added to HUVECs (10,000 cells/well in a 96-well 

plate) and incubated for three hours. PBS and DMSO were used as a positive and negative control, 
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respectively. After three hours of incubation, the baculovirus supernatant was removed and 

replaced with fresh media. Next, 24 hpi, 0.01 mL of AB Solution (MTT) was added to each well. 

The cells were incubated for 4 hours at 37 °C to allow MTT cleavage. After one hour, 0.1 mL of 

isopropanol with 0.04 N HCl was added to each well. The isopropanol solution was mixed 

thoroughly via pipetting. The plate was then read using an EnSpire Multimode plate reader (Perkin 

Elmer, Waltham, MA, USA) with a wavelength of 570 nm.  

Live Dead assay 

A Live Dead Assay was employed to estimate the hydrogels' cytotoxicity. First, 2 × 104 

HUVECs/well were seeded into a 48-well plate and incubated overnight. The next day, the 

hydrogels were added to each well in triplicate and incubated. Media alone or DMSO was used as 

a control. After 24 hours, 5 ȝ/�RI���P0�&DOFHLQ�$0�DQG���ȝ/�RI�����PJ�P/�SURSLGLXP�LRGLGH�

(both from Thermo Fisher) were added to 10 mL of cell media. This solution was then added to 

the cells in the 48-well plate and incubated at 37 °C for 30 min. After 30 min, the cells were imaged 

(three random images per well) using the green and red filters on the Leica DMIL microscope with 

D�&DQRQ�7�L�FDPHUD��,PDJH-�µDQDO\]H�SDUWLFOHV¶�ZDV�XVHG�WR�FRXQW�WKH�QXPEHU�RI�OLYH��JUHHQ��DQG�

dead (red) cells. 

Hemocompatibility studies 

Blood samples from two individuals were obtained from Innovative Research and tested 

independently in triplicate. One sample was from a Male 49, Hispanic and one from a female 29, 

white. The potential hemolysis of the virus itself, gene expression, and the hydrogels were 

evaluated. Briefly, all tested samples were immersed into 5 mL of PBS in a 15 mL centrifuge tube. 

Next, 4 mL of citrated blood was mixed with 5 mL PBS and 0.1 mL of the diluted blood was added 

to each sample. The samples were incubated at 37 °C for one hour and then centrifuged at 1000 
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rpm for 10 min. The supernatant containing the lysed hemoglobin was placed into a 96-well plate, 

and the absorbance was read at 545 nm. The negative and positive control was PBS and deionized 

water, respectively. The following equation was used to determine the % hemolysis.  

Hemolysis (%) = ((ODsample-ODnegative control)/(ODpositive-ODnegative)) × 100 %  

Blood clotting on the hydrogels was also evaluated using a method described by Sabino et 

al. (2020) [160]. Briefly, the hydrogels were placed into a 24-well plate. Next, 7 ȝL of whole blood 

was pipetted onto the surface of the hydrogels. At 15, 30 and 45 min, deionized water was added 

to each sample and incubated for 5 minutes. The resulting supernatant was removed, and the 

absorbance was read on a 96-well plate at 540 nm. As a control, 7 ȝL of whole blood in distilled 

ZDWHU� ZDV� XVHG� DV� D� FRQWURO� ZKHUH� QR� EORRG� FORWWHG� RQWR� D� ELRPDWHULDO� VXUIDFH�� $� µPRFN¶�

polystyrene surface was also used to compare the blood coagulation properties of the hydrogels.  

Wound healing assay 

Growth factors, such as VEGFA, induce endothelial cell migration, as demonstrated by a 

wound-healing or scratch assay [161]. HUVECs were seeded in 96-well plates and grown to 

confluency. Twenty-four hours before scratching the cells, the cells were transduced with 

baculovirus. Specifically, the wells were incubated with baculovirus for two hours (PBS was used 

as a mock), and then the virus solution was replaced with fresh cell media. The next day, a straight 

wound was generated down the middOH�RI�HDFK�ZHOO�XVLQJ�D�����ȝ/�SLSHWWH�WLS��$IWHU����KRXUV��WKH�

cells were visualized and imaged using a Leica DMIL microscope with a Canon T3i camera. After 

24 hours, the cells were fixed with 4 % (w/v) paraformaldehyde and stained with crystal violet 

(Thermo Fisher). The wound-healing ability was evaluated using an open-access ImageJ plugin 

[162]. 

Endothelial tube formation assay 
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To confirm the angiogenic potential of VEGFA released from the baculovirus a standard 

angiogenesis assay was performed as described elsewhere with slight modifications [163]. First, 

the supernatant from baculovirus transduced cells (containing the eluted VEGFA) was added as 

the angiogenic stimulator. Endothelial cell media with VEGF was used as a positive control, and 

DMSO (a known inhibitor of angiogenesis) was used as the negative control [164]. The cells were 

then incubated until tube formation was observed. After 2 hours, the wells were imaged using a 

phase contrast microscope. The images were analyzed using an ImageJ plugin [165].  

Statistical analysis 

All experiments were performed at least twice on different days and with three replicates 

each time. The values are expressed as the mean ± standard deviation for each experiment. SPSS 

(SPSS Inc., Chicago, IL, USA, IBM version 28) was used to perform all statistical analyses and 

ImageJ was used for all image analyses. A p-value of less than 0.05 was considered statistically 

significant.  

 

Copyright: This is an open-access article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/). 
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Bridging text 
 

In this paper, I have created a baculovirus-eluting hydrogel that is stable, antibacterial, 

hemocompatible, and sustains baculovirus VEGFA gene delivery. The hydrogel system can 

sustain baculovirus elution over eight to ten days, depending on the formulation. The hydrogel 

system was stable over a month, even at accelerated conditions. Moreover, the chitosan-coated 

hydrogel demonstrated antibacterial properties and was capable of swelling to prevent wound 

infection and remove wound debris. The baculovirus hydrogel systems did not induce hemolysis 

and promoted blood coagulation. Improved blood coagulation is an important aspect of a wound 

dressing to help prevent excessive bleeding. Moreover, the sustained baculovirus elution leads to 

sustained VEGFA elution (expressed by the BV). VEGFA assists with cell migration, 

proliferation, and angiogenesis, which is important for promoting initial wound healing. This 

system can support chronic wound recovery by regenerating an endothelial layer, promoting 

revascularization, and preventing infection.  

The enhanced cell proliferation, migration, and angiogenesis are also beneficial for the 

initial days after stent implantation, whereby the damaged endothelial arterial liming can benefit 

from the effects of localized VEGFA delivery. Moreover, enhanced angiogenesis would promote 

increased blood flow and vascularization, restoring nutrient and blood delivery. However, the 

hydrogel is not stable enough to be a stent coating and the promotion of blood coagulation is not 

beneficial for stenting applications. Consequently, I wanted to investigate alternative polymers. I 

chose to stick with natural and biodegradable sources so they could more easily integrate with new 

biodegradable stent systems. I investigated several polymers, including alginate, chitosan, 

polyvinyl alcohol (PVA), poly lactic-co-glycolic acid (PLGA), polylactic acid (PLA), dextran, 

polyethylene glycol (PEG), and gelatin. The following paper will focus on creating a customizable 
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and controlled hydrogel system for stent coating using the polymers mentioned before and 

different synthesis or loading methods.  
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Abstract 

Nitric oxide synthase 3 (NOS3) eluting polyvinyl alcohol-based hydrogels have a large 

potential in medical applications and device coatings. NOS3 promotes nitric oxide and nitrate 

production and can effectively be delivered using insect cell viruses, termed baculoviruses. Nitric 

oxide is known for regulating cell proliferation, promoting blood vessel vasodilation, and 

inhibiting bacterial growth. The polyvinyl alcohol (PVA)-based hydrogels investigated here 

sustained baculovirus elution from five to 25 days, depending on the hydrogel composition. The 

quantity of viable baculovirus loaded significantly declined with each freeze-thaw from one to 

four (15.3 ± 2.9 % vs. 0.9 ± 0.5 %, respectively). The addition of gelatin to the hydrogels protected 

baculovirus viability during the freeze-thaw cycles, resulting in a loading capacity of 94.6 ± 1.2 % 

with sustained elution over 23 days. Adding chitosan, PEG-8000, and gelatin to the hydrogels 

altered the properties of the hydrogel, including swelling, blood coagulation, and antimicrobial 

effects, beneficial for different therapeutic applications. Passive absorption of the baculovirus into 

PVA hydrogels exhibited the highest baculovirus loading (96.4 ± 0.6 %) with elution over 25 days. 

The baculovirus-eluting hydrogels were hemocompatible and non-cytotoxic, with no cell 

proliferation or viability reduction after incubation. This PVA delivery system provides a method 

for high loading and sustained release of baculoviruses, sustaining nitric oxide gene delivery. This 

proof of concept has clinical applications as a medical device or stent coating by delivering 

therapeutic genes, improving blood compatibility, preventing thrombosis, and preventing 

infection. 

Keywords: baculovirus, gene delivery, PVA hydrogel, nitric oxide, controlled release, freeze-

thaw, medical device coating 
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Introduction 
 

Polyvinyl alcohol (PVA) is one of the most versatile synthetic polymers used in medical 

applications. PVA has several applications, including tissue engineering, dental implants, drug 

delivery systems, wound dressings, contact lenses, cosmetics, and more [166]��39$¶V�SRSXODULW\�

may be attributed to its inherent biosafety and hemocompatibility [167]. Even when administered 

orally, PVA demonstrates low toxicity (a lethal dose of 15-20 g/kg), is poorly absorbed in the 

gastrointestinal system, and is not mutagenic [168]. Another benefit of PVA is the tunability of its 

mechanical properties. Specifically, the tensile strength, toughness, elongation, and elastic 

modulus can vary significantly depending on the ions used during the aggregation [169].  The 

properties of the PVA can be further customized by adding other polymers or particles. Previously, 

chitosan, cellulose, Gellan Gum, protein, starch, nanotubes, and nanoparticles, and more have been 

XVHG�WR�DOWHUV�39$¶V�SURSHUWLHV�[170]. Moreover, the solution temperature and synthesis method 

(ex., cross-OLQNHU�� DOWHU� WKH� SRO\PHU¶V� VWUHQJWK� DQG� HODVWLFLW\�� 7KHVH� PRGLILDEOH� SURSHUWLHV� DUH�

beneficial when customizing hydrogels for different medical applications.  

The addition of different polymers to PVA also provides new biological properties. For 

example, gelatin is a natural polymer that promotes cell attachment in tissue engineering 

applications and cell spheroids [171]. Gelatin is also non-toxic, non-immunogenic, low-cost, and 

widely available [172]. Gelatin has been investigated and used in drug delivery carriers, bioinks, 

tissue engineering, and wound dressings. Alternatively, chitosan has anti-inflammatory, 

antimicrobial, and antioxidant properties [173]. Also, chitosan can bind negatively charged 

particles, including baculoviruses to improve transduction efficiency. Adding chitosan has been 

shown to increase the tensile strength and elastic modulus while decreasing the elongation of PVA-
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chitosan films [170]. Finally, polyethylene glycol (PEG) was selected for its biocompatibility and 

controlled drug release properties [174]. 

Hydrogels are helpful delivery platforms for drugs, proteins, genes, or growth factors to 

treat several diseases. PVA-based hydrogels have been studied for treating colon cancer, sustained 

ibuprofen delivery, and medical device coatings [175]±[177]. Specifically, nitric oxide-releasing 

coatings are beneficial for their enhanced biocompatibility, inhibition of thrombosis, and 

antibacterial properties. Moreover, nitric oxide inhibits platelet adhesion and reduces smooth 

muscle cell proliferation, which are beneficial hemocompatibility properties [177]. Nitric oxide 

also has antimicrobial effects and prevents biofilm creation [178], [179]. These properties make 

PVA hydrogels promising for medical device coatings, specifically stent coatings.  

Stenting is a common treatment for coronary artery disease. However, damage to the 

arterial cells, mainly endothelial and smooth muscle cells (SMCs), leads to complications such as 

in-stent restenosis (ISR) and thrombosis. Different stent coatings have been developed, including 

drug-eluting stents to prevent inflammation and ISR. Alternatively, nitric oxide delivery regulates 

blood coagulation, prevents platelet adhesion, prevents thrombosis, prevents SMC proliferation, 

and promotes endothelial health and migration for re-endothelialization [180]. NOS3 also plays a 

key role in vascular homeostasis and protects the intima from platelet aggregation and leukocyte 

adhesion [116]. NOS3 expression is crucial in the initial two weeks after stent implantation to 

regulate vascular function and promote an anti-inflammatory environment [180]. Controlled 

NOS3 delivery could thus prevent platelet aggregation and SMC hyperproliferation, mitigating 

complications such as thrombosis and in-stent restenosis, respectively.  

There are challenges associated with eluting genes from hydrogels. Some limitations 

include burst release, growth factor degradation, and low loading efficiency. One limitation 
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associated with PVA hydrogels, is their hydrophilicity, making hydrophobic drug loading 

challenging and leading to an initial burst release [181]. However, this limitation can be overcome 

by optimizing the synthesis method, adding additional polymers, or an additional coating [181], 

[182]. One method to extend and control gene elution is through a viral delivery system. 

Specifically, baculoviruses are insect cell viruses that allow transient gene delivery in humans 

[183]. Baculoviruses are also non-toxic, have low immunogenicity, and provide transient yet high 

gene expression [81], [106], [107][77],[113], [125]. Compared to other viral vectors such as 

adenoviruses, retroviruses, and lentiviruses, baculoviruses have lower immunogenicity, lower 

cost, higher biosafety, larger cloning capacity (300+ kb), and are easier to scale up [125]. 

Baculoviruses also demonstrate higher gene expression than direct gene delivery due to the 

protective virus capsid [113].  However, baculovirus stability has been reported to decline quickly 

at temperatures matching or exceeding room temperature [140]. To mitigate this, the PVA 

hydrogel delivery system was developed to prevent baculovirus decline and provide controlled 

release. In addition, baculovirus encapsulation within hydrogels can prevent immune inactivation, 

effectively shielding the virus from the immune system and promoting its stability. The polymer 

gene delivery platform also promotes site-specificity by releasing virus directly at the contact site 

[123]. The site specificity allows for a lower dosage and improves the therapeutic range.  

Here, we develop and investigate a PVA-based baculovirus eluting delivery system. We 

will investigate how PVA-based hydrogels can overcome limitations associated with baculovirus 

gene delivery. Different hydrogel synthesis methods are explored to determine their impact on 

virus stability and loading efficiency. Moreover, polymers are added to the PVA hydrogels to 

PRGLI\� 39$¶V� SURSHUWLHV�� 6SHFLILFDOO\�� ZH� LQYHVWLJDWH� KRZ� WKH� HOXWLRQ� GXUDWLRQ�� K\GURJHO�

properties, and gene dosage can be controlled and customized. Controlled baculovirus elution 
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studies have been limited [136]. To our knowledge, this is the first study optimizing PVA-based 

hydrogels containing baculovirus gene delivery vectors. This is used as a proof of concept that 

PVA-baculovirus hydrogels can be tunable to treat a wide variety of diseases and are a promising 

option for medical device coating. 

 
Results and Discussion 
 
Morphology, swelling, antibacterial, and hemocompatibility of PVA-based hydrogels 

First, freeze-thawed PVA hydrogels were investigated for sustained baculovirus delivery. 

Up to four freeze-thaw cycles were used. For one, two, three, and four freeze-thaw cycles, the 

hydrogels are named PVA1, PVA2, PVA3, PVA4, respectively. The number of freeze-thaw cycles 

was optimized to maximize baculovirus entrapment. The functionality of baculoviruses 

diminished with every freeze-thaw cycle. However, to maintain mechanical strength, two freeze-

thaw cycles were used. Consequently, unless otherwise stated, two freeze-thaw cycles were 

employed for all subsequent hydrogels. Next, different polymers were added to the PVA solution 

before casting, which altered the baculovirus entrapment and release. Chitosan, PEG-8000, or 

gelatin were added to the PVA solution, termed PVA-chitosan, PVA-PEG, and PVA-gelatin, 

respectively. After this, the baculovirus was added and the solution mixed. After two freeze-thaw 

cycles, the hydrogels were removed and incubated in HBSS to test the virus elution over time.  

The properties of the PVA-based hydrogels were evaluated via ATR-FTIR, swelling ratios, 

antimicrobial properties, and surface morphology using scanning electron microscopy (SEM). The 

addition of each polymer was confirmed with ATR-FTIR, with new peaks indicating the presence 

of gelatin, chitosan, or PEG-8000. The PVA base had the characteristic FTIR peaks for the 

hydroxyl group (3200-3600 cm-1), C-H stretching (2850-3000 cm-1), the carbonyl group (1745 cm-

1), and CH2 wagging (1400 cm-1). Gelatin also had a characteristic peak due to N-H stretching 
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(3200-3600 cm-1). The amide bond within the gelatin also added an additional peak at 1540-1650 

cm-1. PEG-8000 added peaks for the hydroxyl groups and C-H stretching. The ether bond within 

PEG also added a peak around 1100-1200 cm-1. Moreover, the hydrogels maintained a similar 

morphology despite the addition of other polymers.  



 

 115 

(a)�  (b)�

(d)�  

�H��  

Figure 16. Properties of the PVA-based hydrogels 

(a) ATR-FTIR of PVA-based hydrogels. (b) PVA-based hydrogel swelling over time. (c) Hemolysis of red 

blood cells after incubation with PVA-based hydrogels. (d) Blood coagulation on the surface of the PVA-

based hydrogels after 45 minutes of incubation. (e) Blood coagulation on the surface of the PVA-based 

hydrogels after incubating over time.  
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The hydrogels initially swelled up to three times their weight after incubating in HBSS for 

one hour. After two hours, most hydrogels had reached their peak swelling capacity. The PVA-

based hydrogels had different swelling ratios depending on the polymer addition. The maximum 

swelling ratio varied from 4.0 to 7.1 (Table 3). The swelling increased over time, peaking at day 

three. After day three, the swelling ratio slowly decreased until the original weight was achieved 

from day one indicating suitable stability over 21 days. Passive baculovirus diffusion onto the 

PVA hydrogel was the most efficient and thus the stability was evaluated over two months. 

Overall, no significant change in weighted stability was observed over the 56 days tested at 

accelerated conditions (37 oC and 150 rpm). The antimicrobial properties of the hydrogels were 

also investigated (Table 3). All hydrogels blocked bacterial growth directly beneath (2.0 ± 0.1 

mm), but only PVA-chitosan resulted in a one-millimeter growth inhibition zone of E. coli (3.0 ± 

0.1 mm) but not C. Albicans. This was compared to a growth inhibition zone of 3.0 ± 0.5 mm using 

500 units of penicillin-streptomycin control solution.  

Table 3. PVA-based hydrogel swelling ratio and antimicrobial properties 

Hydrogel type Maximum 
swelling ratio 
(average ± SD) 

Antimicrobial 
inhibition (mm ± SD) 

PVA  7.1 ± 1.5 2.0 ± 0.1 
PVA-PEG 6.0 ± 0.2 2.0 ± 0.1 
PVA-chitosan 5.7 ± 3.4 3.0 ± 0.1 
PVA-gelatin 4.0 ± 0.6 2.0 ± 0.1 

 

The PVA-based hydrogels also demonstrated hemocompatibility. The blood compatibility 

was evaluated using a standard hemolysis and blood coagulation assay. After the one-hour 

incubation, some degree of hemolysis was observed after incubating the blood samples with the 

hydrogels (Figure 16c). However, all the hydrogels were considered non-hemolytic with hemolysis 

below 2.0 %. The PVA-chitosan and PVA-PEG hydrogels produced the largest variation in 
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hemolysis. Comparatively, the PVA and PVA-gelatin hydrogels demonstrated the least hemolytic 

potential (below 0.5 %).  

Blood was also added directly to the surface of the hydrogels and incubated for different 

amounts of time. Each hydrogel composition impacted blood clotting differently (Figure 16d-e). 

Compared to the polystyrene mock control, significantly more blood was clotted to the PVA 

hydrogel (p<0.05). Blood coagulation was also significantly higher (p<0.00005) for the PVA-

gelatin, PVA-PEG, and PVA-chitosan hydrogels compared to the mock control. Overall, the PVA 

hydrogel showed the least blood coagulation (15.5 ± 3.8 %) and PVA-chitosan showed the most 

(56.0 ± 2.85 %), as indicated by the limited free hemoglobin after washing the hydrogels with 

deionized water. The PVA hydrogels maintained a similar smooth appearance under SEM despite 

adding other polymers (Figure 17). These properties could be used to customize the hydrogels for 

specific applications. For example, the PVA-chitosan hydrogel prevented E. Coli growth 

(antibacterial) and promoted blood coagulation. The PVA-chitosan hydrogel was also capable of 

swelling four-fold to maintain a moist environment, indicating its suitability for wound dressing 

applications [184], [185]. Comparatively, the PVA hydrogel creates a smooth surface with 

minimal blood coagulation, indicating a potential use for vascular grafts or other applications 

requiring an anti-thrombotic polymer [186]. Finally, the PVA and PVA-gelatin hydrogels 

demonstrated the best baculovirus retention and sustained delivery making them useful for long 

term applications such as medical device or stent coatings [47].  
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Figure 17. SEM of different PVA-based hydrogel compositions 

(a) PVA, (b) PVA-PEG, (c) PVA-chitosan, and (d) PVA-gelatin. 

 

Baculovirus production and elution from PVA-based hydrogels 

We created two different baculoviruses. One baculovirus expressed EGFP in insect cells 

and RFP in mammalian cells. The second baculovirus expressed nitric oxide synthase three 

(NOS3) in mammalian cells. The baculovirus was amplified in 100 mL of Sf9 cells in BacVector 

media. The virus supernatant was collected and titrated using a fluorescent tittering assay or 

FastPlax titration kit with dilutions for an accurate estimate. The Sf9 cells were imaged 48 hours 
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after infection, at the first sign of EGFP expression. The final titration was calculated to be 1.4 x 

108 TU/mL for the EGFP-baculovirus and 1.0 x 108 PFU/mL for the NOS3-baculovirus.  

Table 4. PVA-based hydrogel loading efficiencies 

Hydrogel type Loading efficiency (% ± SD) 
PVA1 15.3 ± 2.9 
PVA2 11.8 ± 1.0 
PVA3 3.7 ± 2.1 
PVA4 0.9 ± 0.5 

PVA passive absorption 96.4 ± 0.6 
PVA-PEG 0.4 ± 0.7 

PVA-chitosan 2.3 ± 1.7 
PVA-gelatin 94.6 ± 1.2 

 

Before the freeze-thaw cycles, the baculovirus stock was added directly to the PVA-based 

hydrogels. After the designated freeze-thaw cycles, the hydrogels were removed from the casting 

well plate and incubated in HBSS. At the designated time points, the HBSS was removed and 

added to Sf9 cells to determine the baculovirus elution over time. The baculovirus viability 

significantly decreased with each freeze-thaw cycle (Figure 18). The hydrogel loading efficiency 

varied for each freeze-thaw cycle, ranging from 15.3 ± 2.9 % to 0.9 ± 0.5 % (Table 4).  
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�D�  

(b)  

Figure 18. Baculovirus elution from PVA-based hydrogels over time 

(a) BV elution from PVA hydrogels based on the number of freeze-thaw cycles. (b) BV elution from 

different PVA-based hydrogel compositions.  

 

The addition of different polymers improved baculovirus entrapment and elution from the 

hydrogels. Specifically, adding PEG to the PVA hydrogel prolonged the baculovirus elution 

compared to the PVA2 hydrogel. The majority of the virus was eluted between days three to five 

for the PVA-PEG hydrogel. Similarly, adding chitosan to the PVA seemed to reduce the amount 
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of baFXORYLUXV�HQWUDSSHG�DQG�UHOHDVHG�RYHU�WLPH�DQG�PD\�EH�DWWULEXWHG�WR�FKLWRVDQ¶V�ELQGLQJ�WR�

negatively charged virus particles. Comparatively, adding gelatin significantly improved 

baculovirus retention and controlled release over time compared to all other freeze-thawed PVA-

based hydrogels.  

Once all the baculovirus was eluted, the total amount was used to determine the hydrogel 

loading efficiency. The loading efficiency varied from 0.4 ± 0.7 % to 94.6 ± 1.2 % depending on 

the hydrogel composition, listed in Table 2. For most of hydrogels, the baculovirus was eluted in 

the first three days, such as for PVA2 and PVA-chitosan. The PVA-gelatin hydrogel and the PVA 

hydrogel loaded passively with baculovirus after the freeze-thaw cycles demonstrated the most 

baculovirus elution (Figure 18). Specifically, the passive absorption of baculovirus into PVA 

hydrogels resulted in a loading efficiency of 96.4 ± 0.6 %. Similarly, the PVA-gelatin hydrogels 

had a loading efficiency of 94.6 ± 1.2 %. The elution from these hydrogels also lasted over 23 

days. 

Adding different polymers (chitosan, gelatin, and PEG) to PVA hydrogels controlled 

baculovirus elution and loading. Baculovirus elution was sustained with all hydrogels. The elution 

time varied from 5 to 25 days. All hydrogels exhibited a slow first-order release of the baculovirus 

that eventually plateaued. With each freeze-thaw cycle, the amount of viable baculovirus within 

each hydrogel diminished significantly, consistent with previous results [187]. The amount of 

baculovirus encapsulated varied between freeze-thaw cycles as seen in Table 4. The addition of 

gelatin preserved the baculovirus viability during the freeze-thaw cycles compared to the other 

hydrogels. This supports previous studies where a gelatin coating maintains transfection efficiency 

and DNA stability [188], [189]. The baculovirus viability in PVA-gelatin hydrogels was 

comparable to the hydrogels loaded passively with baculovirus, not exposed to any freeze-thaw 
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cycles. Passive loading of baculoviruses into PVA hydrogels exhibited the highest loading 

efficiency with sustained release. When 2 x 107 TU of baculovirus were added, the loading 

efficiency was 96.4 ± 0.6 %. When 4 x 107 was loaded onto the PVA hydrogel, the loading 

efficiency dropped to 88.3 ± 0.6 %. However, given the higher initial concentration, more 

baculovirus was loaded onto second hydrogel overall. The different baculovirus doses and release 

times observed here can be customized to fit the medical application. For example, wound healing 

may require a sustained gene delivery over a couple of days, whereas PVA-coated stents require 

sustained delivery over approximately two weeks.  

The optimal storage conditions for the baculovirus-eluting hydrogels include storing the 

virus in the dark at 4 oC for a couple months or at -80 oC for long term storage to preserve the virus 

titer and viability [190]. Similarly, the hydrogels can be stored at -20 oC or dried at 4 oC with no 

loss in weight after a month. Storing the baculovirus loaded hydrogel is less ideal as the 

baculovirus elutes over time. 

NOS3 delivery from eluted baculoviruses 

The different PVA-based hydrogels were incubated in HBSS, and the supernatant was 

removed and replaced with fresh HBSS at the designated time points. The collected supernatant 

was added to Sf9 insect cells and used to transduce HUVECs to determine baculovirus release and 

activity over time. The baculovirus demonstrated efficient gene expression in both SMCs and 

HUVECs. As the amount of virus added (MOI) increased, the number of fluorescent cells or NOS3 

expression also increased. The EGFP expression is shown below (Figure 19a). Similarly, the 

NOS3-baculovirus increased NOS3 expression increased dose-dependently. The highest dose, an 

MOI of 1000, increased NOS3 levels 17-fold compared to the mock transduced cells (Figure 19b). 

NOS3 promotes formation of nitric oxide and nitrate [191]. The media from the transduced cells 
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was also used to measure nitrate formation (Figure 19c). Nitrate concentration was increased up 

to 8-fold compared to mock transduced cells. Nitric oxide and nitrate are effective antimicrobial 

agents against gram positive and gram negative bacteria preventing biofilm formation [192], [193]. 

The antimicrobial assay showed similar results, with high doses of NOS3 (MOI 100 to 1000) 

significantly reducing bacterial cell growth (Figure 19d). The baculovirus expressing NOS3 had a 

FRPSDUDEOH�UHVSRQVH�WR����ȝ0�RI�QLWUDWH��126��DQG�QLWULF�R[LGH�DUH�DOVR�NQRZQ�IRU�WKHLU�UROH�LQ�

cardiovascular health specifically regulating blood pressure through vasodilation, preventing 

endothelial dysfunction, and reducing arterial stiffness [45]. Even at a MOIs of 1000, no difference 

in cell proliferation was observed with the EGFP-baculovirus. Comparatively, high amounts of the 

NOS3-baculovirus significantly reduced SMC proliferation. An MOI of 100 and 1000 of NOS3 

also increased HUVEC proliferation without impacting viability (Figure 19e-f). 
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Figure 19. Gene expression after baculovirus transduction 

(a) EGFP-baculovirus expression in Sf9 cells eluted from hydrogels after one day. The EGFP expression 

from a PVA-gelatin hydrogel is presented as a fluorescent image of DAPI-stained Sf9 cells (the scale bar 

represents 0.5 mm). (b) NOS3 expression based on baculovirus MOI. (c) Nitrate concentration after BV 

transduction. (d) Bacterial growth inhibition in the presence of NOS3 and nitrate. (e) HUVEC proliferation 

after BV transduction. (f) SMC proliferation after BV transduction.  

 

Cytotoxicity of the PVA-based hydrogels eluting NOS3 expressing baculovirus  

The baculovirus was non-cytotoxic in SMCs and HUVECs, even in high amounts (Figure 

20). Different amounts (MOIs) of the baculovirus were tested, ranging from one to 1000. Even at 

a MOIs of 1000, no difference in viability was observed with the baculovirus. The PVA-based 

hydrogels were also incubated directly with SMCs or HUVECs. Similarly, the PVA-based 

hydrogels were non-cytotoxic to SMCs and HUVECs. The hydrogels did not significantly reduce 

cell proliferation or viability compared to the mock cells (Figure 20). The PVA-PEG hydrogel 

reduced the cell viability the most after 48 hours. Comparatively, the PVA and PVA-gelatin 

hydrogels maintained the highest cell viability and proliferation. 



 

 126 

 

 

Figure 20. Mammalian cell viability after baculovirus transduction with different MOIs or direct 
hydrogel incubation 

(a) HUVEC viability 48 hours after BV transduction. (b) SMC viability 48 hours after BV transduction. (c) 

HUVEC viability after incubating with different hydrogels for 48 hours. (d) HUVEC proliferation after 

hydrogel incubation for 48 hours.  

 

The PVA baculovirus delivery system exhibits excellent safety properties. Specifically, no 

significant difference in cell proliferation or viability was observed after baculovirus transduction 

in both SMCs and HUVECs. Even at MOIs above 1000, no cell proliferation or viability change 

was noted with the EGFP-baculovirus. A significant decrease in SMC proliferation was observed 
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with higher NOS3 levels as expected [177]. Similarly, no significant difference in viability or 

proliferation was observed after incubation with the different hydrogels. This indicates that the 

baculovirus-eluting PVA delivery system does not pose cytotoxic effects on the cells. This study 

supports previous research reporting that baculoviruses and PVA hydrogels are non-toxic in 

mammalian cells [167], [194]. Future work can focus on specific clinical applications to optimize 

the baculovirus delivery system. Moreover, the customized system could be tested in vivo to 

confirm its therapeutic application.  

Depending on the required therapeutic time frame and cell type, the baculovirus elution 

amount and time can be customized for each disease. The PVA-based hydrogels presented here 

would be suitable for medical device coatings. Specifically, PVA-gelatin stent coatings eluting 

NOS3 would be beneficial due to the antithrombotic properties, safety, and sustained gene 

delivery. This controlled baculovirus delivery system can be tailored to the countless diseases 

requiring gene or growth factor delivery. Similarly, adding another polymer, such as chitosan, 

gelatin, or PEG, can alter the PVA properties. To our knowledge, this is the first study optimizing 

PVA-based hydrogels containing baculovirus gene delivery vectors. 

Conclusion 
 

PVA-based hydrogel delivery of baculoviruses to mammalian cells is efficient, safe, and 

customizable. The hydrogel delivery system exhibited good blood compatibility and was non-

cytotoxic to SMCs and HUVECs. The baculovirus loading efficiency reached 96.4 ± 0.6 % and 

was sustained for up to 25 days. The delivery system can be further customized by adding other 

polymers, loading methods, or additional freeze-thaw cycles. These alterations can change the 

K\GURJHO¶V�PHFKDQLFDO�SURSHUWLHV�DQG�JHQH�HOXWLRQ��VSHFLILF�IRU�HDFK�WKHUDSHXWLF�DSSOLFDWLRQ�� 

Materials and Methods 
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Hydrogel synthesis  

A 20 % (m/v) solution of PVA (MW 60,000 from Sigma Aldrich) was made by dissolving 

PVA in distilled water at 100 oC and 500 rpm. Meanwhile, a 5 % (m/v) gelatin solution was made 

in PBS. A and 1 mg/mL chitosan solution was made in PBS with 0.5 % (v/v) glacial acetic acid. 

The three solutions were autoclaved at 120 oC for 15 minutes and then cooled to room temperature. 

An equal amount of PVA was poured into each well of a 48-well plate. Next, 100 ȝL of the 1 % 

(m/v) gelatin, 1 mg/mL chitosan, or 0.1 % (v/v) PEG 8000 (Thermo Fisher) was added to the 

designated wells to create a PVA-gelatin, PVA-chitosan, or PVA-PEG hydrogels, respectively. 

The PVA-based hydrogels were stirred with a pipette tip and then baculovirus stock solution was 

added to each solution and stirred a final time. Water was added to hydrogels to serve as a mock. 

The hydrogels were frozen overnight and thawed for two hours to constitute one freeze-thaw cycle. 

The freeze-thaw cycle was repeated one to four times depending on the hydrogel.  

Attenuated Total Reflectance- Fourier Transform Infrared (ATR-FTIR) spectroscopy  

The spectra of the different hydrogels were obtained using an FTIR Spectrum II (Perkin 

Elmer) with ATR. The data were normalized to the background spectrum without a hydrogel. Next, 

the hydrogels were clamped down and a spectral range of 400-4000 cm-1 was recorded with four 

scans and a resolution of 1 cm-1. 

Hydrogel swelling and degradation 

The hydrogels were dried overnight at 37 oC. The next day the hydrogels were weighed, 

and 1 mL of Hanks Balanced Salt Solution (HBSS) was added to each hydrogel. At the designated 

time points, the hydrogel was removed from the HBSS and weighed. The swelling ratio was 

calculated using the following equation:  

Swelling ratio= Weightswollen/Weightdry  
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Disc diffusion antimicrobial studies  

The antimicrobial properties of the PVA-based hydrogels were tested using an adapted disc 

diffusion method [159]. E. coli and C. Albicans were grown in Luria-Bertani (LB) and YPD media, 

respectively. The number of colony-forming units (CFU) was calculated by plating dilutions of 

the bacteria and incubating overnight. Based on the calculated CFU, 100 ȝL of 108 CFU/mL was 

spread onto fresh LB or YPD agar plates. The PVA-based hydrogels were plated on top of the 

bacteria and incubated 37 °C for 24 hours. A drop (5 ȝL) of penicillin was used as a negative 

control. After 24 hours, the area of growth inhibition was observed and measured.  

Scanning electron microscopy (SEM) 

The PVA-hydrogels were dried overnight at 37 °C before being imaged. A FEI 450 Quanta 

SEM was used at the Facility for Electron Microscopy Research at McGill University. A high 

vacuum and a voltage of 10 kV were applied.  

Mammalian cell culture  

Human umbilical vein endothelial cells (HUVECs) and smooth muscle cells (SMCs) were 

maintained in T-25 flasks in a 37 oC, 5 % CO2 incubator. The HUVECs were purchased from 

Sigma and the SMCs from Coriell Institute for Medical Research (Camden, NJ, USA). Medium 

199 was used with 0.02 mg/mL endothelial growth supplement, 10 % fetal bovine serum was used 

to culture the SMCs, and complete endothelial growth medium (Sigma Aldrich) was used to 

culture the HUVECs. Cells were used within five passages upon receiving. 

Insect cell culture  

Sf9 insect cells (Sigma Aldrich, Burlington, MA, USA) were maintained at 27 oC in 

BacVector medium (Sigma Aldrich) in T-75 flasks or 250 mL shake flasks (Erlenmeyer, CA). The 

Sf9 cells were subcultured 2-3 times weekly and shaken at 130 rpm.  
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Gene selection 

The NOS3 gene was purchased from GenScript (Piscataway, NJ, USA). and cloned into a 

pOET6 plasmid (MJS Biolynx Inc., Brockville, ON, Canada) containing the cytomegalovirus 

(CMV) promoter. GenScript also provided a pBackPak9 plasmid expressing EGFP and RFP under 

a polyhedron and CMV promoter, respectively. The concentration and purity of the plasmid were 

confirmed using a NanoDrop (Thermo Fisher, Waltham, MA, USA) and were used for all future 

virus production steps. 

Baculovirus production 

7KH�VXSSOLHU¶V�SURWocol was followed as previously described for baculovirus production 

[141]. In an exponential growth phase, 5 × 105 S9 cells were seeded into a 12-well plate one hour 

before virus transfection. Next, 200 ng of the pBakPak9 plasmid was added to 100 ng of flashBAC 

DNA (MJS Biolynx Inc., Brockville, ON, Canada), 0.48 ȝL of TransIT Insect Reagent, and 100 

ȝL PBS and incubated at room temperature for 15 minutes. The transfection mixture was then 

added to the Sf9 cells and incubated overnight at 27 oC. The next day, 0.5 mL of BacVector media 

was added. Five days after transfection, the culture medium was harvested, centrifuged at 1000 x 

g for 10 minutes, and stored at 4 oC. This generated the Po virus stock and was added to 100 mL 

of Sf9 cells at a concentration of 2x106 cells/mL. The infected Sf9 cells were agitated at 130 rpm 

for four days before harvesting the culture medium as described above. This generated P1 

baculovirus stock expressing a red fluorescent protein (RFP) or NOS3.   

Baculovirus titration  

The EGFP-baculovirus was titrated using a fluorescent tittering assay. First, 5 × 105 Sf9 

cells/well were seeded into a 12-well plate and incubated for one hour. During the incubation, the 

virus was diluted using insect cell medium (1:10, 1:25, 1:50, 1:75, 1:100). The cell media was then 
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aspirated off the Sf9 cells and 100 ȝL of the virus dilution was added to each well. The plate was 

incubated for one hour and then an additional 0.5 mL of insect cell media was added to each well 

and incubated at 27 oC. The next day, the number of fluorescent cells was counted in each well 

with less than 40 % of fluorescent cells. The following equation was used to calculate the titration:  

Transduction Units (TU)/mL= (number of cells transduced x percent fluorescent x dilution 

factor)/(transduction volume in mL) 

The NOS3-baculovirus was titrated using the FastPlax Titer kit from Sigma Aldrich as specified 

by the supplier.  

Baculovirus elution from the hydrogels  

The hydrogels were incubated in 1 mL of Hanks Balanced Salt Solution (HBSS). All the 

HBSS was removed and replaced with fresh HBSS at the designated times. The amount of 

baculovirus in the HBSS was quantified using the Fluorescent tittering assay described above. The 

HBSS containing the baculovirus was also used to transduce mammalian cells.  

Baculovirus transduction  

The hydrogel suspension media (virus in HBSS) was removed and baculovirus stock was 

used to transduce mammalian cells (SMCs and HUVECs), in 96-well plates. After three hours of 

incubation, the virus inoculum was removed and replaced with fresh cell media. The cells were 

incubated for 48 hours to allow for viral gene expression. Fluorescent images of the cells were 

taken at different time points and stained with DAPI at 48 hpi. Images were acquired using the 

Columbus Image Data Storage and Analysis System (PerkinElmer, USA) and the Operetta® CLS 

automated microscope. Image acquisition (Fluorescence) and analysis (Columbus and Harmony) 

was performed with the McGill University Imaging and Molecular Biology Platform (IMBP) 

equipment and services. 
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Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) 

To perform RT-qPCR, cells were transduced as described above. Twenty-four hours after 

transduction, the cell RNA was extracted using an RNA extraction kit (Bio Basic) and stored at -

80 oC until use. Luna Universal One-Step RT-qPCR kit (New England Biolabs, Ipswich, MA, 

USA) was used to reverse transcribe the stored RNA. Primers for NOS3 and ȕ-actin reference 

genes were purchased from Bio-Rad (Hercules, CA, USA) and mixed with the RNA and primers 

at the supplier-defined concentrations. The reaction was run on an Illumina Eco Real-Time PCR 

machine (San Diego, CA, USA) as directed by the supplier (NEB). 

MTT proliferation assay  

An MTT proliferation assay (Sigma Aldrich, St. Louis, MI, USA) was used. As above, 

different BV MOIs were added to HUVEC and SMCs and incubated for three hours. After three 

hours of incubation, the baculovirus supernatant was removed and replaced with fresh cell media. 

For the PVA-based hydrogels, cells were seeded into 24 well plates, placed into the well, and 

incubated for 48 hours.  

For the MTT assay, 0.01 mL of AB Solution (MTT) was added to each well 48 hpi. The 

cells were incubated for two hours at 37 oC to allow MTT cleavage. After two hours, 0.1 mL of 

isopropanol with 0.04 N HCl was added to each well. The isopropanol solution was mixed 

thoroughly via pipetting. The plate was then read using an EnSpire Multimode plate reader (Perkin 

Elmer, USA) with a wavelength of 570 nm.  

Live Dead assay 

A Live Dead Assay was employed to estimate the hydrogels' cytotoxicity using Calcein 

AM and propidium iodide (Thermo Fisher, Waltham, MA, USA). A 96-well plate was seeded with 
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cells, as described above, and transduced with different MOIs of the baculovirus. DMSO and 

regular cell media were used as the controls.  

For the hydrogels, 2 × 104 HUVECs/well were seeded into a 48-well plate and incubated 

overnight. The next day, the PVA hydrogels were added to each well and incubated.  

After 48 hours, 5 ȝ/�RI���P0�&DOFHLQ�$0�DQG���ȝ/�RI�����PJ�P/�SURSLGLXP�LRGLGH�ZHUH�

added to 10 mL of cell media. This solution was then added to the cells in the 48-well or 96-well 

plates and incubated at 37 °C for 30 minutes. After 30 minutes, the cells were imaged using the 

Operetta High-Content Analysis system and the percentage of live cells was calculated using 

Columbus (Perkin Elmer).  

Griess assay  

A Griess DVVD\� NLW� ZDV� XVHG� WR� PHDVXUH� QLWUDWH� SURGXFWLRQ� IROORZLQJ� WKH� VXSSOLHU¶V�

instruction (Thermo Fisher, Waltham, MA, USA). A standard curve was used to calculate nitrate 

concentration in HUVECs after BV transduction expressing NOS3.  

Antibacterial assay for NOS3 and nitrate 

The antibacterial properties of NOS3 and nitrate were investigated using broth dilutions to 

determine the minimal inhibitory concentration. E. coli from the hydrogel antimicrobial studies 

was used. First, the bacteria were diluted to 106 CFU/mL and 100 ȝL was added to each well of a 

96-well plate. Next, 100 ȝL of the cell media supernatant containing NOS3 or sodium nitrate (10, 

5, and 2.5 ȝM) was added to the wells. Cell media without NOS3 and HBSS was added as the 

control. The plate was read on the HTS7000 microplate reader every two hours for 8 hours to 

create a bacterial growth curve.   

Hemocompatibility studies 
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Two blood samples were purchased from Innovative Research (Male 49, Hispanic and 

female 29, white; Novi, MI, USA). A standard hemolysis assay was performed by immersing all 

samples into 5 mL of PBS in a 15 mL centrifuge tube. Next, 4 mL of citrated blood was added to 

5 mL PBS. To each sample, 0.1 mL of diluted blood was added. The samples were incubated at 

37 °C for one hour and then centrifuged at 1,000 rpm for 10 min. All supernatants were placed 

into a 96-well plate and read at 545 nm. The negative and positive control was PBS and deionized 

water, respectively. The following equation was used to determine the percent hemolysis.  

Hemolysis (%) = ((ODsample-ODnegative control)/(ODpositive-ODnegative)) × 100%  

Blood coagulation on hydrogels was evaluated using an adapted method by Sabino et al. 

(2020) [160]. Briefly, the hydrogels were placed into a 24-well plate and 7 ȝL of whole blood was 

pipetted onto the surface. After the designated time point, deionized water was added to each well 

for 5 minutes. The hydrogel supernatant was added to a 96-well plate and read at 540 nm. For 

controls, 7 ȝ/�RI�ZKROH�EORRG�ZDV�DGGHG�WR�GLVWLOOHG�ZDWHU�DQG�D�µPRFN¶�SRO\VW\UHQH�VXUIDFH�ZDV�

also used to compare the blood coagulation properties of the hydrogels.  

Statistical analysis  

Unless otherwise stated, all results are reported as a mean ± standard deviation (SD) in 

triplicates. GraphPad Prism (version 9.0.0 for Windows, GraphPad Software, San Diego, 

California USA, www.graphpad.com) was used for all one-way ANOVA data analysis and graph 

creation. Ethics approval was not required for the study.  
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Bridging text  
 

I have used different polymers and hydrogel synthesis methods in this paper to customize 

and control baculovirus delivery. The customizable baculovirus delivery is beneficial to sustain 

delivery for each disease-specific therapeutic window. Depending on the hydrogel formulation, I 

could vary baculovirus elution from five to 23 days. Gelatin was effective at preserving 

baculovirus viability even through multiple freeze-thaw cycles. BV elution from PVA-gelatin 

demonstrated the longest elution time. Similarly, passive loading of the PVA hydrogel with 

baculovirus enabled sustained baculovirus delivery over 25 days. With sustained baculovirus 

elution, NOS3 delivery was also sustained over this time. Moreover, the hydrogel system 

demonstrated excellent safety with no reported cytotoxicity. 

The NOS3-eluting PVA hydrogel coating has a promising potential as a stent coating. 

NOS3 inhibits SMC proliferation which would help prevent neointimal hyperplasia. Additionally, 

NOS3 helps with vasodilation of the artery, which would benefit atherosclerosis treatment in PAD 

and CAD. Finally, NOS3 has a regulatory role and can help regulate endothelial function and fight 

off bacteria. This would help with re-endothelialization and preventing infection. To apply this 

hydrogel system as a stent coating, further studies are needed to verify its properties and 

therapeutic effect. The following paper will examine the mechanical properties, stent coating 

process, safety, and baculovirus elution.  

The paper will also investigate three genes to determine which one(s) should be 

incorporated into the stent coating. The three genes are VEGFA, NOS3, and ADAMTS13. The 

second thesis paper reported that VEGFA helps promote re-endothelialization through the cell 

proliferation, migration, and angiogenesis presented in the second thesis paper. The third thesis 

paper reports the properties of NOS3, including potential benefits for vasodilation, re-
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endothelialization, and inhibiting neointimal hyperplasia. The fourth paper investigates the 

therapeutic effects of ADAMTS13. Specifically, its potential as an anti-thrombotic agent.  
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Abstract 
 

Peripheral artery disease (PAD) is common, affecting nearly one in five people over 60, 

leading to the obstruction of peripheral arteries. More recent data suggests that PAD is also 

infiltrating younger generations, with one to four percent of people aged 25 to 29 diagnosed with 

PAD. PAD is mainly caused by atherosclerosis and consequential thrombosis. Atherosclerosis is 

characterized by plaque build-up within the artery leading to restenosis, calcification, and thrombi 

formation. Often, a bare-metal or drug-eluting stent will be used to force the artery open. These 

stents are highly effective but do come with complications such as restenosis, thrombosis, and 

endothelial dysfunction. To combat these complications a novel PVA-based stent eluting three 

genes (ADAMTS13, NOS3, and VEGFA) was developed. The three genes have a significant and 

additive effect resulting in inhibition of smooth muscle cell proliferation, promotion of endothelial 

cell proliferation, cleaving vWF to prevent initial blood clotting, preventing the inflammation, and 

reducing reactive oxygen species production. The three genes are delivered using insect cell 

viruses (baculoviruses) which enables efficient and sustained delivery over two weeks with an 

excellent safety profile. Moreover, the stent system is stable, flexible, and has a high tensile 

strength. The stent is also non-cytotoxic and anti-thrombotic by preventing platelet adhesion and 

blood coagulation on the surface. Overall, the novel stent exhibits beneficial mechanical and 

cellular properties with the potential to mitigate current peripheral stenting complications using 

gene therapy.  

Keywords: Atherosclerosis, peripheral artery disease, dissolvable stent, gene-eluting stent, nitric 

oxide, VEGF, ADAMTS13 

 

  



 

 141 

Introduction 
 

Peripheral artery disease (PAD) is defined as the narrowing of peripheral arteries leading 

to the obstruction of blood flow. PAD is most common in the lower extremities, including the 

femoral, femoropopliteal arteries, and the arteries coming from the heart. Nearly one in five people 

over 60 have PAD, with an estimated 200 million new cases each year worldwide [5], [6]. People 

with PAD report a worse quality of life, higher work impairment, and use more healthcare 

resources compared to people without PAD [8]. Moreover, complications and disabilities 

associated with PAD have a larger burden on women and people in developing countries [7], [9]. 

Disability associated with PAD has also increased over the past 20 years, indicating a growing 

issue with an aging population. Historically, PAD burdened people in their eighties. However, 

more recent data suggest PAD affects a significant proportion of young adults as well. Specifically, 

one to four percent of people aged 25 to 29 have PAD and this percent increases steadily with age 

[7]. 

PAD is mainly caused by atherosclerosis and consequential thrombosis. Atherosclerosis 

may include stenosis (69 %), intimal thickening, fibroatheroma, fibrocalcific lesions, or luminal 

thrombi (49.1 %) [195]. PAD pathology occurs within the three layers of peripheral arteries; the 

tunica interna, tunica media, and tunica externa (also known as the adventitia). The inner layer, 

tunica interna, is mostly composed of endothelial cells that form a confluent layer and are in 

contact with the flowing blood. The tunica media comprises mostly smooth muscle cells (SMC) 

and elastic fibers that allow the artery to stretch. Arterial narrowing may be attributed to four key 

factors within these layers, including calcification, inflammation, endothelial dysfunction, and 

SMC hyperproliferation. 
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Atherosclerosis is a complex process involving several mechanisms including endothelial 

dysfunction, inflammation, neointimal hyperplasia, and thrombosis. During PAD, endothelial 

dysfunction occurs due several factors such as elevated low-density lipoprotein (LDL), free 

radicals, hypertension, stress, obesity, diabetes, infection, and more [1]. The high LDL levels and 

endothelial dysfunction cause the medial cell layer to hyper proliferate (termed neointimal 

hyperplasia). Endothelial dysfunction also impairs vasodilation and vascular resistance. The LDL 

continues to accumulate in the artery and commences an inflammatory reaction. The activated 

immune cells translocate into the subendothelial space. Particularly, monocytes are known to 

translocate and differentiate into inflammatory macrophages [2]. The macrophages take up the 

LDL and differentiate into foam cells. The foam cells release more growth factors and cytokines 

promoting SMC migration and proliferation contributing to the neointimal hyperplasia. Several 

studies have reported that high levels of C-reactive protein (CRP) and reactive-oxygen species 

(ROS) contribute to the inflammatory response and disease progression [144], [196]. During the 

SMC migration and proliferation, extracellular matrix remodelling can also occur leading to stiff, 

stenotic, and calcified blood vessel walls. The macrophages eventually become overextended and 

undergo apoptosis releasing pro-thrombotic factors, damaging microvessels, and contributing to a 

necrotic core [3]. Plaque erosion and rupture can cause thrombi formation further obstructing 

blood flow and leading to clinical complications. These factors create a positive feedback loop 

contributing further to neointimal hyperplasia, inflammation, and plaque development, all of 

which narrow the blood vessel. Consequently, PAD often comes with significant pain, discomfort, 

limb ischemia, stroke, and increases the risk of major cardiovascular events such as myocardial 

infarction and coronary artery disease [4]. 
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One of the main treatments for PAD is implanting a stent to force open the artery. Stents 

have saved millions of lives [25]. However, stenting further damages the endothelial lining of the 

artery and can lead to blood vessel re-narrowing and blood clotting [35]. Blood vessel narrowing 

(restenosis) is defined as a >50 ��QDUURZLQJ�RI�D�EORRG�YHVVHO¶V�GLDPHWHU�DQG�RFFXUV�LQ��-10 % of 

cases using current drug-eluting stents [36]. Peripheral artery stents have the highest rates of 

complications among the different types of stents. 

Despite the advances seen in many coronary artery stents, peripheral stent options are still 

limited, with bare-metal and paclitaxel-eluting stents being the most common. Moreover, common 

complications include thrombosis, restenosis, calcification, and mechanical failures leading to an 

increased risk of morbidity, myocardial infarction, stroke, and mortality [37]. One-year patency 

rates are as low as 76 %, and two-year patency rates are as low as 60 % [38]. With low patency, 

re-intervention is required increasing the risk of complications and associated morbidity. In-stent 

restenosis (ISR) invites further calcification making the blood vessel stiff, inefficient, and 

increases the risk of stroke, myocardial infarction, and death. At the very least, this further reduces 

the individual's quality of life, leading to chest pain, shortness of breath, aches, and general pain. 

Finally, mechanical stent failures are common given the large diameter and flexibility needed from 

peripheral stents. Stent fracture rates vary from 15.3 - 53.3 % depending on the stent used and 

anatomical location [197], [198]. 

More recently, fully biodegradable or dissolvable stents have been explored. These stents 

offer several advantages, such as eliminating the foreign body (the stent), which could reduce the 

risk of thrombosis [28]. Complete biodegradation of the stent would also support normal 

vasomotion and luminal movement. Finally, biodegradable stents would allow the possibility of 

discontinuing dual antiplatelet therapy. Currently, magnesium alloys, zinc calcium alloys, iron 
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alloys, polylactic acid (PLA, PDLA & PLLA), and tyrosine polycarbonate are being investigated 

[29], [30]. Another approach is the use of polyvinyl alcohol (PVA), which has the required 

mechanical strength and elasticity for a stent [31]±[34]. Some research groups created a stent using 

braided PVA yarns, while others have utilized 3D printing to create a PVA stent [31]±[33]. Other 

researchers have shown promising results using dip coating to synthesize PVA biliary duct stents 

[34]. 

Given the literature, promoting proper endothelial function would appear to prevent LDL 

accumulation, immune cell infiltration, inflammation, and smooth muscle cell hyperproliferation. 

Early-stage interventions to promote endothelial health could thus prevent current downstream 

complications, including thrombosis, in-stent restenosis, calcification, and low patency. To 

promote endothelial health, we have selected three genes involved in endothelial cell regulation 

(ADAMTS13, NOS3, and VEGFA). Vascular endothelial growth factor A (VEGFA) stimulates 

endothelial cell migration and proliferation from other locations to promote site-specific 

reendothelialization [113], [136]. VEGF released from bioactive stents has been shown to 

significantly increase reendothelialization and prevent in-stent restenosis in vivo [113]. Similarly, 

nitric oxide synthase 3 (NOS3) plays a key role in vascular homeostasis, vascular dilation, and 

protects the intima from platelet aggregation and leukocyte adhesion [116]. NOS3 also prevents 

SMC proliferation and endothelial dysfunction. This is crucial in the initial two weeks after stent 

implantation to regulate vascular function and promote an anti-inflammatory environment. Finally, 

ADAMTS13 cleaves vWF, which prevents platelet aggregation and blood clotting. High vWF and 

low ADMTS13 levels are associated with major cardiovascular events and thrombosis [114], 

[199]. Together, these three genes were selected for their ability to promote endothelial function 
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and prevent blood coagulation which would promote re-endothelialization and mitigate 

thrombosis, respectively [111], [112], [200].  

To improve gene stability and elution, baculovirus expression vectors were selected. 

Baculoviruses are a biosafe and low-cost vector capable of site-specific and enhanced gene 

delivery compared to alternative methods [50]. Moreover, their high but transient gene delivery is 

ideal for stent applications, whereby gene delivery is only required for the initial two weeks until 

healing is completed. Encapsulating the baculovirus in a stent coating can also prolong transgene 

expression past the typical four-day window [78]. Viral hydrogel encapsulation can also increase 

stability, solubility, prolong gene expression, and promote site specificity which allows for a lower 

dosage and less toxicity [117]. Finally, the optimized baculovirus hydrogel can be coated onto a 

stent to provide a localized therapeutic effect.  

 

Results  
 
Baculovirus (BV) production and expression 

Four different baculoviruses were produced. The final titration for baculoviruses 

expressing ADAMTS13, NOS3, VEGFA, and RFP were 1.25 x 108, 1.7 x 108, 3.5 x 108, and 1.0 

x 108 TU/mL, respectively. The baculovirus expressing a green fluorescent protein (GFP) in insect 

cells and red fluorescent protein (RFP) in mammalian cells was used to monitor the baculovirus 

production and elution from the stent. The three baculoviruses expressing the genes of interest 

(ADAMTS13, NOS3, and VEGFA) were tested for their in vitro safety. Different amounts of the 

virus, multiplicity of infection (MOI), were investigated, ranging from one to 1000 (Figure 21a-

d). An MOI of 1000, well above the therapeutic range, was investigated to observe possible adverse 

effects. The baculoviruses expressing different genes are denoted as follows ADAMTS13 (A), 
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NOS3 (N), VEGFA (V), ADAMTS13-NOS3 (AN), NOS3-VEGFA (NV), ADAMTS13-VEGFA 

(AV), and ADAMTS13-NOS3-VEGFA (ANV) with the following number representing the MOI. 

No significant decrease in viability was observed in smooth muscle cells (SMCs) or human 

umbilical vein endothelial cells (HUVECs) transduced with baculovirus. The baculoviruses 

expressing different genes were also tested together to determine if any combination impacted the 

cellular response and overall safety. Again, no significant decrease in viability was observed when 

multiple different baculoviruses were added together (ANV).  

In vitro safety of baculovirus gene delivery  
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(e)    
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(f)  

Figure 21. HUVEC and SMC viability, proliferation, and CRP production after baculovirus (BV) 
transduction 

(a) HUVEC viability after single BV transduction. (b) HUVEC viability after transduction with 

multiple BVs. (c) SMC proliferation after BV transduction. (d) SMC proliferation after 

transduction with multiple BVs. (e) CRP production in HUVECs, all groups were significantly 

���GLIIHUHQW� IURP� WKH� FHOOV� WUHDWHG�ZLWK�/36�DQG� ,)1Ȗ�� (f) CRP production in SMCs after 

baculovirus transduction. Abbreviations are for ADAMTS13 (A), NOS3 (N), VEGFA (V), 

ADAMTS13-NOS3 (AN), NOS3-VEGFA (NV), ADAMTS13-VEGFA (AV), and ADAMTS13-

NOS3-VEGFA (ANV) with the following number representing the MOI used. 
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After transduction, the baculovirus gene delivery and expression was also tested for C-

reactive protein (CRP) production (Figure 21e-f). We observed no significant increase in CRP 

production compared to mock transduced SMCs but significantly less CRP than cells treated with 

inflammatory compounds such as lipopolysaccharides (LPS) and interferon-gamma (,)1Ȗ). 

Moreover, baculovirus gene expression, except for a high dose of ANV1000, reduced CRP levels 

in HUVECs compared to mock transduced cells. Again, all CRP levels after baculovirus 

WUDQVGXFWLRQ�ZHUH�VLJQLILFDQWO\�ORZHU�WKDQ�+89(&V�WUHDWHG�ZLWK�/36�DQG�,)1Ȗ� 

Baculovirus gene delivery: therapeutic effect  

Following initial stent implantation, promoting endothelial regulation, growth, and 

migration is required for re-endothelialization and to reduce downstream complications. To 

determine if the genes can help promote this therapeutic effect, we investigated cell proliferation, 

migration, and angiogenesis after baculovirus transduction.  

HUVEC and SMC proliferation varied depending on the gene expressed, MOI, and cell 

type (Figure 22). Lower MOIs (10 and 50) did not change SMC proliferation compared to mock 

transduced cells. Only high MOIs of the baculovirus significantly changed SMC proliferation 

compared to the mock. Specifically, ADAMTS13 expression (MOI 100) significantly reduced 

SMC proliferation (p<0.005). Comparatively, NOS3 expression (MOI 100) also reduced SMC 

proliferation but not significantly. Comparatively, VEGFA at an MOI of 100 significantly 

promoted SMC proliferation (p<0.05) compared to the mock cells. When multiple genes were 

expressed together, no significant changes in SMC proliferation were observed.  

HUVEC proliferation did not significantly change the initial 48 hours post-infection (hpi) 

at lower MOIs for ADAMTS13 and VEGFA. VEGF increases HUVEC proliferation in a dose-

dependent manner but not significantly at lower doses. An MOI of 100 of ADAMTS13 and 
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VEGFA significantly increased HUVEC proliferation. All MOIs of NOS3 significantly increased 

HUVEC proliferation in a significant and dose-dependent manner. NOS3 expression (MOI 100) 

increased HUVEC proliferation most significantly (***) compared to the mock transduced cells. 

Similarly, when different genes were expressed together (ANV), HUVEC proliferation increased 

significantly for all treatment groups.  

(a) (b)  

(c)  (d)  

Figure 22. SMC and HUVEC proliferation after BV transduction 
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(a) SMC proliferation 48 hours after single BV transduction. (b) SMC proliferation 48 hours after 

transduction with multiple BVs. (c) HUVEC proliferation after BV transduction. (d) HUVEC 

proliferation after transduction with multiple BVs.  

 

A scratch and angiogenesis assay were also performed to evaluate re-endothelialization 

potential in vitro (Figure 23). To determine the lowest dose possible that still create a therapeutic 

effect, a range of MOIs were tested. The scratch assay revealed significant HUVEC migration with 

NOS3 and VEGFA delivery, but not ADAMTS13. Combinations of different genes all exhibited 

significantly improved cell migration. Specifically, ADAMTS13-NOS3 (p<0.0005) and NOS3-

VEGFA (p<0.005) demonstrated the most significant cell migration following wounding when the 

genes were expressed together. For dual and triple gene expression studies, we tested MOIs half 

that of individual genes to see if there was an additive effect. AN and AV combinations had a 

similar response to NOS3 alone despite only using half the MOI of each baculovirus. Overall, AN, 

N, and NV gene expression resulted in the most prominent cell migration, with almost complete 

wound healing after 12 hours. The angiogenesis assay showed similar results (Figure 23f-g). Low 

doses of ADAMTS13 (MOI 10) had an inhibitory effect on angiogenesis. Comparatively, low 

doses of NOS3 and VEGFA (MOI 10 and 50) did not influence angiogenesis branching length 

compared to the mock group. Only an MOI of 100 of VEGA and NOS3-VEGFA (NV) 

significantly stimulated blood vessel formation as indicated by the longer branching length. 
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(a)  (b)  

(c) (d) (e)  

(f) (g)  

Figure 23. HUVEC migration and tube formation after baculovirus transduction 

(a) Cell migration after baculovirus transduction and wounding. (b) Cell migration after multiple 

baculovirus transduction expressing different genes simultaneously. (c-e) Brightfield image of 

wounded area 12 hours after wounding and staining with crystal violet; (c) mock transduced cells, 

0.05 mm 
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(d) VEGFA transduced cells, and (e) ANV transduced cells. (f) Angiogenesis assay branching 

length after baculovirus gene elution addition. (g) Angiogenesis assay branching length after 

multiple baculovirus gene elution addition. Abbreviations are for ADAMTS13 (A), NOS3 (N), 

VEGFA (V), ADAMTS13-NOS3 (AN), NOS3-VEGFA (NV), ADAMTS13-VEGFA (AV), and 

ADAMTS13-NOS3-VEGFA (ANV). (Please see the Appendix for additional data). 

To determine if baculovirus gene delivery induced reactive oxygen species (ROS) 

production, a ROS assay was employed. The baculovirus itself and the delivered genes did not 

appear to induce ROS production (Figure 24a). However, the baculovirus gene delivery should 

also promote an anti-inflammatory and healing environment. To create an inflammatory 

environment, as seen in PAD, cells were pre-treated with lipopolysaccharide (LPS) and interferon-

JDPPD��,)1Ȗ�����KRXUV�EHIRUH�EDFXORYLUXV�WUDQVGXFWLRQ��$V�H[SHFWHG��/36�DQG�,)1Ȗ�JHQHUDWHG�

significant reactive oxygen species (ROS) in all cells. Next, the cells were transduced with 

baculoviruses expressing the different genes to observe their anti-inflammatory properties (Figure 

24b-c). ADAMTS13 expression created a dose-dependent reduction in ROS levels, although not 

significant. NOS3 expression significantly reduced ROS production at all MOIs (10, 50, and 100). 

VEGFA (V) expression generated a dose-dependent decrease in ROS production with a significant 

decrease at the highest dose (MOI 100). ADAMTS13-NOS3 (AN) reduced ROS production most 

significantly when the genes were expressed together. All the genes expressed simultaneously 

�$19��GLG�QRW�UHGXFH�526�SURGXFWLRQ�FRPSDUHG�WR�WKH�/36�DQG�,)1Ȗ�WUHDWHG�JURXS�� 
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(a)   

(b)  
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(c)  

(d)  

Figure 24. ROS production and vWF cleavage in HUVECs after baculovirus transduction 

(a) ROS production in HUVECs after baculovirus transduction. (b) ROS production in HUVECs 

after LPS stimulation and then baculovirus transduction. (c) ROS production in HUVECs after 
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LPS stimulation and then baculovirus (A, N, V, AN, AV, NV, and ANV) transduction. (d) 

ADAMTS13 cleavage of vWF after baculovirus transduction and gene expression. 

Finally, to evaluate vWF cleavage by ADAMTS13, vWF production was stimulated using 

a high salt concentration (285 mosmol/kg) as shown previously [33]. With high vWF levels, we 

investigate if the delivery of ADAMTS13 by baculoviruses reduced vWF levels (Figure 24d). We 

see a dose-dependent and significant decrease in vWF levels with ADAMTS13 (MOIs 10 to 1000). 

An MOI of 100 is sufficient to return vWF levels to the base level. Combination gene expression 

of ADAMTS13 with either VEGFA or NOS3 also significantly reduced vWF levels with an MOI 

of 50 each.  

Stent coating and characterization  

Now that the optimal baculovirus dosage has been determined, the stent delivery system 

was optimized. A 10 % (m/v) and 20 % (m/v) PVA solution was freeze-thawed several times, but 

this failed to maintain its shape. Instead, the PVA was cross-linked with 15 % (m/v) STMP and 30 

% (m/v) NaOH [201]. A custom 3D cast was created and cross-linked PVA solution was poured 

into it. The resulting stent was removed from the cast the following day and revealed striations 

every 200 µm, due to the 3D printer resolution, under the SEM (Figure 25a). Alternatively, a 2 

mm diameter stainless steel tube was dipped into the solution to create a layer-by-layer stent. After 

drying, the PVA stent was taken off the tube and imaged under SEM revealing a smooth surface 

(Figure 25b-d). The top view from the stent revealed a thickness of 210.4 ± 10.2 µm. The fully 

dissolvable PVA stent had a dried inner diameter of 3 mm and swelled in HBSS to an inner 

diameter of 5 mm. 
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(a) (b)  

(c) (d)  

Figure 25. Morphology of the dissolvable stents 

(a) A dissolvable PVA stent created using a 3D-printed cast. (b-c) A biodegradable PVA stent 

created using dip coating. (d) top SEM view of biodegradable stent.  

The chemical and mechanical properties of the stent and coating was also investigated 

using swelling tests, FTIR, and tensile testing (Figure 26). The key peaks for PVA were presenting 

including, 3300 cm-1 (OH group), 1100 cm-1 (C-O stretching), and 720 cm-1 and 1400 cm-1 (CH2 

in PVA). FTIR analysis also revealed peaks around 1060 and 1230 cm-1 due to the addition of the 

STMP crosslinker and PO3- bond creation. The PVA stent had good mechanical strength with a 

modulus of elasticity of 1.47 ± 0.3 MPa. The modulus was calculated as the slope of the stress-
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strain curve at 60 % strain. Meanwhile, the mechanical strength was also maintained with two of 

the three samples slipping before breaking and the final sample breaking at 600 % stretch. 

Moreover, the swelling ratio and degradation of the stent was investigated, revealing stable 

degradation over two months. 

(a)    

(b)   
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(c)  

Figure 26. Mechanical properties of the dissolvable PVA stent 

(a) ATR-FTIR analysis of the PVA stent. (b) Uniaxial tensile testing of the stent. (c) Stent swelling 

ratio over time. 

Next, passive diffusion was used to load the stent with baculovirus (BV). Different amounts 

of the baculovirus were added to determine the change in loading potential (Figure 27). When 2.0 

x 107 TU/mL and 4.0 x 107 was diffused onto the PVA stent, the loading efficiencies were 30.9 ± 

1.9 % and 38.6 ± 3.8 %, respectively. The higher BV dose was used for all subsequent experiments. 

The baculovirus elution was sustained for up to 10 days. Baculovirus elution from the stent was 

also stable and remained viable even in 50 % serum.  
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(a)�  

(b)�  

Figure 27. Baculovirus release from the PVA-coated stents over time at different conditions 

(a) BV release from PVA-coated stents based on initial loading. (b) Cumulative BV transduction 

XQLW�UHOHDVH�LQ�+DQN¶V�%DODQFHG�6DOW�VROXWLRQ��+%%6��DQG������(v/v) serum. 

The toxicity and hemocompatibility of the stent were also investigated given its direct 

contact to arterial blood (Figure 28). To ensure the stent coating was non-cytotoxic, a Live Dead 

and MTT proliferation assay was performed after 48 hours of stent incubation (Figure 28a-b). 

There was no significant change in cell viability or proliferation after incubation with a bare-metal 

or PVA stent compared to the mock control. HUVECs were also seeded directly onto the stent to 
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see if it supported direct cell growth but saw identical cell attachment compared to the BMS 

(Figure 28c). Similarly, platelet-rich plasma was harvested and seeded onto different stents to 

determine if they promote platelet adhesion (Figure 28d). Platelets adhered significantly less to the 

PVA stent than the polystyrene control. Also, the stent did not induce hemolysis (Figure 28e). 

Moreover, the PVA stent significantly reduced blood coagulation compared to the BMS and 

polystyrene surface (Figure 28f).  

(a) (b)  

(c) (d)  
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(e)  (f)  

Figure 28. Stent cytotoxicity, hemocompatibility, and cell adhesion 

(a) Cell proliferation after stent incubation. (b) Cell viability after stent incubation. (c) HUVEC 

adhesion to the stents. (d) Platelet adhesion to the stents. (e) Hemolytic potential of the stent 

system. (f) Blood coagulation on the stent.  

Discussion  
 

The gold standard peripheral stent would be capable of site-specific delivery, highly 

efficient gene delivery, high retention, functionality, and anti-thrombotic properties. Baculoviruses 

provide an efficient and site-specific delivery method of three genes (ADAMTS13, NOS3, and 

VEGFA) that can work additively to promote reendothelialization, prevent thrombosis, and 

prevent smooth muscle cell proliferation mitigating in-stent restenosis. Short-term baculovirus 

gene delivery can return arterial homeostasis to the diseased artery. Baculovirus gene delivery was 

reported to be non-inflammatory (CRP and ROS levels) and hemocompatible.   

Baculovirus gene delivery is efficient, safe, and feasible. The lack of carbon dioxide or 

serum requirements and large scalability in shake flasks make this approach feasible [202]. 

Moreover, baculovirus gene delivery resulted in a significant increase in each gene of interest 

(GOI). Even high doses of the baculovirus were safe, with no evidence of cytotoxicity in SMCs or 
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HUVECs. Moreover, the baculovirus and genes did not induce C-reactive protein (CRP) or ROS 

production, which would indicate an initial inflammatory response. This is particularly important 

as the gene delivery should not contribute to the disease pathogenesis. CRP is elevated (up to 1000-

fold) at sites of infection and inflammation, particularly in cardiovascular events [144]. High CRP 

levels have been associated with restenosis, major adverse cardiovascular events, and tripled the 

risk of developing peripheral vascular disease [203], [204]. CRP is a reliable marker for predicting 

adverse cardiovascular events and atherosclerosis [203], [205].  

The genes delivered by the baculovirus also had significant beneficial therapeutic effects. 

Specifically, VEGFA promoted HUVEC proliferation (p<0.05), migration (p<0.005), and 

angiogenesis (p<0.05) as reported elsewhere [137]. This would be significant for the initial stages 

after stent implantation to promote endothelial cell migration for complete arterial re-

endothelialization, preventing downstream restenosis [48], [49]. VEGF and nitric oxide (NO) 

appear to interact heavily with reports of VEGF delivery also increasing NO levels [48]. NOS3 

delivery alone also promoted HUVEC migration (p<0.0005). Comparatively, NOS3 (MOI of 100) 

promoted HUVEC proliferation (p<0.0005) without promoting SMC proliferation which is an 

important factor in promoting endothelialization while preventing neointimal hyperplasia [180], 

[206]. NOS3 also inhibited ROS production after LPS-induction (p<0.005) which would help 

create an anti-inflammatory environment at the site of stent implantation. Reactive oxygen species 

(ROS) have a complex role in atherosclerosis and PAD. ROS can further contribute to the disease 

pathogenesis through several pathways [196]. However, more regulatory ROS molecules like 

nitric oxide can promote VEGF-induced endothelial function and migration which is important for 

PAD treatment following stenting [207]. Finally, ADAMTS13 delivery was functional and cleaved 

vWF in a dose-dependent manner [199]. ADAMTS13, naturally secreted from healthy endothelial 
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cells, was selected for its potential anti-thrombotic properties [208]. ADAMTS13 is a 

metalloproteinase that cleaves large multimers called von Willebrand factor (vWF) into smaller 

pieces and prevents early stages of platelet aggregation [199], [200]. This would have a beneficial 

antithrombotic property for the stent. The anti-thrombotic activity of ADAMTS13 can work 

additively with the PVA coating.  

Overall, either NOS3-VEGFA or ADAMTS13-NOS3 delivery showed the most promising 

therapeutic effects in vitro. Specifically, ADAMTS13-NOS3 delivery promoted HUVEC 

migration (p<0.0005), promoted HUVEC proliferation (p<0.005), regulated SMC proliferation, 

reduced ROS production (p<0.0005), and cleaved vWF (p<0.0005) compared to mock cells. 

NOS3-VEGFA delivery significantly stimulated HUVEC proliferation (p<0.05), migration 

(p<0.005), and angiogenesis (p<0.05) which may help promote re-endothelialization following 

stent implantation. The novel stent design elutes the baculovirus for ten days resulting in gene 

expression for over fourteen days. Beneficially, previous studies report that gene elution for as 

little as ten to fourteen days is sufficient to achieve significant therapeutic benefits [48], [209]. 

Moreover, baculovirus viability and elution were not hindered in the presence of serum, which 

typically forms 55 % of blood. 

The stent itself also possesses antithrombotic, mechanically sound, and flexible features. 

Moreover, the stents have an excellent shelf-life. The dried stent and baculovirus stock should be 

stored separately for over one year [190]. Prior to implantation, the stent can be incubated 

overnight in the baculovirus stock to passively load the baculovirus as reported in this paper. 

The stent coating also showed favourable mechanical properties. The stent swelled 1.67-

fold in diameter in saline and serum. Previous studies have reported that PVA stents have a higher 

or comparable radial force (���ௗ�ௗ����P1�PPí�) to BMS ����ௗ�ௗ����P1�PPí�) [210]. However, 
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the stent maintained flexibility which is important for peripheral arteries which are subjected to 

continuous movement and bending. Specifically, the PVA stent has a lower modulus of elasticity 

(1.47 ± 0.3 MPa) compared to 193 GPa for stainless steel and 45 GPa for magnesium based stents 

[211]. The stent also showed stable degradation with minimal loss over the accelerated two-month 

testing.   

The cytotoxicity and hemocompatibility of the stent system was also evaluated. 

Beneficially, no cytotoxicity or difference in cell proliferation was observed with direct cell 

incubation. Moreover, minimal platelet adhesion and whole blood coagulation were observed, 

which is important to maintain an anti-thrombotic surface. The stent also demonstrated no signs 

of hemolysis. Finally, cellular adhesion rates were similar to commercial bare-metal stents (BMS). 

Similar to previous studies, the stent exhibited a smooth surface which is important from an anti-

thrombotic perspective and to prevent immune cell accumulation, which could lead to thrombosis 

[34].  

Future studies should be conducted in vivo to confirm the therapeutic efficacy and safety. 

The stent can also be modeled and scaled up or down to fit in different arteries. As the artery 

becomes larger a bigger stent is also required enabling more baculovirus to be loaded to reach the 

therapeutic threshold. This also allows its use on other stent types and anatomical locations. The 

coating can even be integrated into metal stents or other polymer-based stents to mitigate 

complications and improve the quality of life of those impacted by PAD. 

Conclusion  
 

Overall, the baculovirus-eluting PVA stent fabricated here may mitigate current peripheral 

stent complications including in-stent restenosis, endothelial dysfunction, and thrombosis. The 

genes delivered by the baculovirus promote endothelial recovery, endothelial migration, and 



 

 166 

prevent inflammation. The gene delivery matches the therapeutic timeline while maintaining a 

very high safety profile (no signs of cytotoxicity, inflammation, or hemotoxicity). The genes and 

PVA provide an anti-thrombotic coating by preventing platelet adhesion and blood coagulation. 

The PVA stent also acts as a physical barrier to prevent SMC hyperproliferation. Meanwhile, the 

stent itself demonstrated sufficient mechanical strength yet flexibility to improve stent patency. 

These improvements may reduce complications and improve clinical outcomes mitigating the 

health and economic burden of PAD.  

Materials and Methods  
 
Insect cell culture  

Sf9 cells (Novagen, Sigma Aldrich, Burlington, Massachusetts, United States) were 

maintained in T75 flasks or 250 mL shaker flasks at 27 oC. To maintain the exponential growth 

phase, the cells were subcultured two to three times per week, using BacVector media (Sigma 

Aldrich). The shaker flasks were rotated at 130 rpm.  

Gene cloning 

Three human genes (ADAMTS-13, NOS3, and VEGFA) were purchased from GenScript 

(Pescataway, NJ, USA). EcoRI and NotI were used to cut out the gene of interest (GOI) and ligate 

it into a pOET6 plasmid (MJS Biolynx Inc., Brockville, ON, Canada). Each gene was inserted 

following the CMV promoter using Instant Sticky End Ligase (NEB, Ipswich, Massachusetts, 

USA). The complete plasmid was then transformed into chemically competent DH5 alpha E. Coli 

(Thermo Fisher). The colonies containing the gene of interest and ampicillin resistance were 

selected and amplified. The plasmid was then purified from the E. coli XVLQJ�1(%¶V� SODVPLG�

purification kit. The final plasmid structures were confirmed using a restriction enzyme gel check 

and NanoDrop (Thermo Fisher, Waltham, Massachusetts, USA) and used for all future steps.  
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Baculovirus transfection  

One hour before the transfection, 0.5 × 106 Sf9 cells/well were seeded into a 12-well plate. 

Next, 4��ȝ/�RI�3%6������QJ�RI� WKH�SODVPLG������QJ�RI� WKH�IODVK%$&��DQG������ȝ/�RI�7UDQV,7�

reagent were mixed and incubated for 15 minutes at room temperature. Next, 0.5 mL of the insect 

media was aspirated, leaving 0.5 mL remaining. The baculovirus transfection mix was then added 

dropwise to the wells. PBS was used as a mock control. The plate was incubated overnight and the 

next day, 0.5 mL of insect media was added to each well. The plate was then incubated for another 

four days before the media containing the Po baculovirus stock was harvested. A baculovirus 

expressing GFP in Sf9 cells was generated as a control for easy monitoring and titration. 

Baculovirus amplification  

The Po baculovirus stock was used to amplify each baculovirus with the specified gene of 

interest. First, 100 mL of Sf9 cells were diluted to a concentration of 2 × 106 Sf9 cells/mL in a 

shake flask. Next, 0.5 mL of the original Po baculovirus stock was added to the cells and the flask 

was incubated for four days. After four days, the cells were centrifuged at 300 × g for 10 minutes 

and the viral suspension media (P1) was collected and stored in the dark at 4 oC.  

Baculovirus titration  

The baculovirus P1 stock was titrated using two methods. The fluorescent titration was 

calculated using the GFP expressed by the baculovirus. The Fast Plax Titration kit (Sigma Aldrich) 

was used to calculate the titration of the three other baculoviruses as described by the supplier.    

For the fluorescent tittering assay, 1.0 × 104 Sf9 cells/well were seeded into a 96-well plate and 

incubated for one hour. During the incubation, the virus was diluted using insect cell medium 

(1:10, 1:50, 1:100, 1:1000, and 1:10000). The cell media was then aspirated off the Sf9 cells and 

50 ȝL of the virus dilution was added to each well. The plate was incubated for one hour and then 
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an addition 0.5 mL of insect cell media was added to each well and incubated at 27 oC. Twenty-

four hours after, the number of fluorescent cells was counted in each well with less than 40 % of 

fluorescent cells. The following equation was used to calculate the titration:  

Transduction Units (TU)/mL= (number of cells transduced x percent of fluorescent cells x dilution 

factor)/ (transduction volume in mL) 

Mammalian cell culture (human smooth muscle and umbilical vein endothelial cells)  

Human umbilical vein endothelial cells (HUVECs) and smooth muscle cells (SMCs) were 

cultured at 37 oC in a 5 % CO2 incubator. were cultured in complete endothelial growth media 

(Sigma Aldrich, St. Louis, MI, USA). The SMCs (Coriell Institute for Medical Research, Camden, 

NJ, USA) were cultured in M199 media supplemented with 10 % FBS and 0.02 mg/mL endothelial 

cell growth supplement (Sigma Aldrich). The cell media was changed every second day and the 

cells were subcultured just prior to confluency. All cells were used before passage five.  

Baculovirus transduction  

First, 1.0 × 104 mammalian cells/well were seeded into a 96 black well plate with a clear 

bottom (Corning3603, Thermo Fisher, Waltham, MA, USA) and incubated overnight at 37 °C with 

5 % CO2. The next day, the cell media was removed, and the designated amount of baculovirus 

was added to each well. The baculovirus was incubated with the cells for three hours before being 

aspirated and replaced with fresh cell media. The plate was then incubated as before for 24 to 48 

hours before being used in the experiments listed below.  

Percent of cells expressing red fluorescent proteins (RFP) and relative fluorescent units  

After the baculovirus transduction, the 96-well plate was read on an EnSpire multiplate 

reader (Perkin Elmer, Waltham, Massachusetts, USA) at 588 nm. Next, the cells were imaged 

using an Operetta High Content Analysis System (Perkin Elmer) using bright field or fluorescent 
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red and blue filters. The number of cells was counted for each image and compared to the number 

of cells expressing the red fluorescent protein (RFP) using Columbus (Perkin Elmer). Nine images 

were taken of each well and all treatments were done in triplicate.  

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) 

For RT-qPCR, cells were transduced as described above with each of the viruses 

individually and in combination. Twenty-four hours after transduction, the cell RNA was extracted 

using an RNA extraction kit (Bio Basic, Markham, ON, Canada) and used immediately or stored 

at -80 oC until use. Primers for ADAMTS13, NOS3, VEGFA, and Beta-actin reference gene were 

purchased from Bio-Rad (Hercules, CA, USA). The RNA, primers, and polymerase solution were 

mixed as described by the Luna Universal One-Step RT-qPCR kit (New England Biolabs, Ipswich, 

MA, USA). The reaction was run on an Illumina Eco Real-Time PCR machine ® (San Diego, CA, 

USA) as directed by the supplier. Amplification was carried out for 45 cycles with 35 s 

(denaturation), 55 °C for 35 s (annealing), and 72 °C for 25 s (extension). 

MTT proliferation assay  

For the MTT proliferation assay, the baculovirus transduction protocol was followed as 

described above. The next day (24 hpi), 50 ȝL of 5 mg/mL MTT was added to each well and 

incubated for three hours. Next, 35 ȝL of 37 % HCl was added to 10 mL of isopropanol. This 

solution was mixed and 100 ȝL was added to each well and mixed via pipetting. The absorbance 

of the plate was measured at 570 nm using an EnSpire multimode plate reader. 

To evaluate the impact of the stent on cell proliferation, the PVA stent was added to a 24-

well plate containing mammalian cells. After incubation, the stent was removed and 200 ȝL of 5 

mg/mL MTT was added to each well. The cells were then incubated for three hours, and a 0.04 N 

hydrochloride solution diluted in isopropanol was added and mixed thoroughly. The cell 
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supernatant containing the dissolved MTT was placed into a 96-well plate and read at 570 nm 

using the same EnSpire plate reader as above. 

Live Dead assay  

For the live dead assay the mammalian cells were transduced as described above. After 24 

or 48 hours, a 2X live dead stain was diluted in 10 mL of cell media using 50 ȝL of 1 mM Calcein 

AM and 50 ȝL of 2.5 mg/mL Propidium Iodide. Next, 100 ȝL of the live dead stain was added to 

each well. The plate was incubated for 30 minutes and then imaged using the same Operetta 

microscope system. The live dead cell count was performed using Columbus.  

A similar approach was adopted with direct stent incubation, in a 12-well plate, to 

determine the impact on cell viability.  

Scratch or wound healing assay  

An in vitro scratch assay was performed as previously described with slight modifications 

[212]. Again, HUVECs were seeded into 96-well plates and grown until confluency. Once they 

were confluent, the cells were transduced with different MOIs of the baculovirus for three hours. 

The virus inoculum was aspirated, and fresh media was added. Twenty-four hours after 

baculovirus transduction, the wells were scraped with a p200 pipette tip. After twelve hours, the 

wells were imaged when some wounds had healed. The images were analyzed using an ImageJ 

plugin [162].  

Endothelial tube formation assay (angiogenesis assay)  

To determine the angiogenic properties of the baculovirus-eluted genes, an endothelial tube 

formation assay was performed as previously described [163]. Cultrex (50 ȝL) reduced growth 

factor basement membrane (Bio-Techne, Minneapolis, MN, USA) was added to the bottom of 

each well of a 96-well plate. The plate was then incubated for 30 minutes before 2 x 104 
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HUVECs/well were seeded on top. Finally, 50 ȝL of cell media supernatant from previously 

transduced cells was added. The cells were incubated at 37 oC in a 5 % CO2 incubator for four 

hours or until well-defined vasculature could be seen. Cell media or DMSO were used as positive 

and negative controls, respectively. 

Reactive oxygen species (ROS) assay 

To induce an inflammatory environment, cells were pre-treated with 50 ȝL of 100 ng/mL 

lipopolysaccharide (LPS) and interferon-gamma (IFNȖ). Following treatment, cells were 

transduced with different MOIs of the baculovirus to determine if the gene expression reduces 

ROS production. The transduction protocol was followed as above. Forty-eight hours after 

treatment, a ROS kit (Abcam 186029, Waltham, Boston, USA) was used to measure ROS 

production as described by the supplier.  

Stent fabrication 

The self-expandable PVA stents were generated as previously described with slight 

modifications [201]. Briefly, 20 mL of 10 % (m/v) PVA was made in sterile water at 90 oC and 

700 rpm. Next, 200 ȝL of 15 % (m/v) sodium trimetaphosphate (STMP) was added, stirring the 

solution for five minutes. Finally, 80 ȝL of 30 % (m/v) sodium hydroxide was added to the PVA 

solution and stirred for another five minutes. A stainless-steel tube with a diameter of three 

millimeters was dipped into the PVA solution and dried for 15 minutes. This process was repeated 

seven times. After the seventh dip, the stent was placed in a -20 oC freezer overnight. The next 

day, the stent was removed from the tube and dried at 37 oC overnight. Finally, the stent washed 

with 85 % (v/v) ethanol followed by sterile PBS for sterilization prior to further studies. The same 

process was employed for the Eucatech® PVA-coated stent without stent removal.  

Stent coating morphology with scanning electron microscopy (SEM)  
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The self-expandable PVA stents were dried overnight at 37 °C before being imaged. A 

high vacuum and a 10 kV voltage were used with the FEI 450 Quanta SEM at the Facility for 

Electron Microscopy Research (FEMR).  

Baculovirus release from the stent  

The coated stent was dried overnight at 37 °C before incubating the stent in a baculovirus 

stock solution to allow passive absorption. As previously reported, passive absorption was selected 

to maintain virus activity compared to direct incorporation. The stent was incubated at 27 °C 

overnight before removing the stent and placing it into a clean new well. Next, 1 mL of HBSS was 

added to cover the stent. The HBSS was removed at designated times to determine the amount of 

baculovirus released over time.  

Hemolysis assay 

Blood samples from two individuals (Male 49, Hispanic and female 29, white; Innovative 

Research Inc, Novi, Michigan) were tested independently in triplicate. The hemolysis of the stents 

was evaluated using whole blood. Briefly, the stents were immersed into 1 mL of PBS in a 15 mL 

centrifuge tube. Next, 4 mL of citrated blood was mixed with 5 mL PBS and 0.1 mL of the diluted 

blood was added to each sample. The samples were incubated at 37 °C for one hour and then 

centrifuged at 1000 rpm for 10 minutes. The supernatant containing the lysed hemoglobin was 

placed into a 96-well plate, and the absorbance was read at 545 nm. A standard curve for the 

hemolysis was also generated using dilutions of PBS and deionized water and compared. The 

negative and positive control was PBS and deionized water, respectively. The following equation 

was used to determine the percent hemolysis.  

Hemolysis (%) = ((ODsample-ODnegative control)/(ODpositive-ODnegative)) × 100%  

Blood coagulation assay 
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Blood coagulation on the stents was also evaluated using a method described by Sabino et 

al. [160]. Briefly, the stents were placed into a 24-well plate. Next, 7 ȝL of whole blood was 

pipetted onto the surface of each stent. At 15, 30 and 45 min, deionized water was added to each 

sample and incubated for 5 minutes. The resulting supernatant was removed, and the absorbance 

was read on a 96-well plate at 540 nm. As a control, 7 ȝL of whole blood in distilled water was 

XVHG�DV�D�FRQWURO�ZKHUH�QR�EORRG�FORWWHG�RQWR�D�ELRPDWHULDO�VXUIDFH��$�µPRFN¶�SRO\VW\UHQH�VXUIDFH�

was also used to compare the blood coagulation properties of the hydrogels.  

Platelet adhesion assay 

A platelet adhesion assay using a lactate-dehydrogenase (LDH) kit (abcam, Waltham, 

Boston, USA) was performed as previously described [213]. First, platelet rich plasma (PRP) was 

obtained by centrifuging the blood at 1000 x g for 20 minutes. The platelet concentration was 952 

± 98 platelets/ ȝL and were allowed to rest for 30 minutes. Meanwhile, the stents were added to a 

24-well plate and washed with PBS. The stents were then covered with 200 ȝL of the PRP and 

incubated for one hour at 37 °C. After the incubation, the stents were carefully removed and 

washed with PBS. The stents were then incubated with 50 ȝL of 2 % (m/v) Triton X-100 diluted 

in PBS for 30 minutes at 37 °C to lyse the adherent platelets. Next, 50 ȝL of the lysed platelet 

VROXWLRQ�ZDV�XVHG�IRU�WKH�/'+�DVVD\��7KH�VXSSOLHU¶V�SURWRFRO�ZDV�IROORZHG�DQG�D�VWDQGDUG�FXUYH�

for platelet and NADH activity was created to verify assay accuracy. The lysed platelet standard 

curve was used to determine the adherent platelet concentration.  

Tensile testing  

To perform the tensile testing, a flat PVA sheet was generated using the same stent 

synthesis method mentioned above. Once the PVA sheet was fully dried a 3D printeG� µFRRNLH�

FXWWHU¶�ZDV�XVHG�WR�FXW�RXW�D�GXPEEHOO�VKDSH�DV�GHVFULEHG�LQ�,62���������7KH�WKLFNQHVV�RI�WKH�
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films was measured in triplicate using a Mitutoyo Litematic VL-50A. Next, the thin films were 

tested on a Shimadzu Uniaxial tensile and compression tester with a strain rate of 1 %. Sandpaper 

was added to the clamps to help secure the PVA and prevent slipping.  

Statistical analysis  

All results are reported as a mean ± standard deviation (SD) of triplicates, p-values less 

than 0.05 were considered significant. GraphPad Prism (version 9.0.0 for Windows, GraphPad 

Software, San Diego, California USA, www.graphpad.com) was used for all one-way ANOVA 

data analysis with a post-KRF�7XNH\¶V�WHVW� 
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Bridging text  
 

In the previous paper, I investigated three different genes individually and additively. All 

genes did not significantly reduce cell viability, even at high doses (MOI 1000). Similarly, all 

genes did not induce CRP or ROS production, markers of inflammation, even at high MOIs. Cell 

proliferation depended on the cell type and gene expressed by the baculovirus.  

Each gene demonstrated its own therapeutic benefit. VEGFA significantly promoted cell 

proliferation, migration (wound healing study), and angiogenesis. However, VEGFA was not cell-

type specific and exerted these effects on SMCs and HUVECs. This would recruit both HUVECs 

and SMCs to the site and could contribute to neointimal hyperplasia. Comparatively, NOS3 

inhibited SMC proliferation preventing the early stages of neointimal hyperplasia. NOS3 did not 

significantly impact HUVEC proliferation. NOS3 also significantly improved HUVEC migration 

which assists with re-endothelialization. Moreover, lower doses of NOS3 (MOI 10 and 100) were 

able to significantly reduce ROS after LPS-induced inflammation (to mimic the inflammatory 

environment seen in PAD). ADAMTS13 reduced SMC proliferation at high doses but not HUVEC 

proliferation. ADAMTS13 also cleaved von Willebrand Factor (vWF), which is a clotting factor 

involved in the initial stages. Transduction with baculoviruses expressing ADAMTS13 

significantly reduced vWF levels after being treated with high salt to induce vWF secretion.   

The genes were also tested together to determine if there was any relationship. The 

therapeutic effect of ADAMTS13, NOS3, and VEGFA varied slightly when expressed with each 

other. ADAMTS13 and NOS3 significantly improved HUVEC proliferation but not SMC 

proliferation. AN expression significantly improved HUVEC migration. AN expression also 

significantly reduced ROS production after LPS-induced inflammation. Overall, I found that 
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ADAMTS13 and NOS3 (termed AN) together had the best properties and were loaded onto the 

stent.  

The stent coating was optimized several times. Different polymers such as PLGA, PLA, 

and PVA were tested. Moreover, different coating methods were investigated, specifically spray 

coating vs dip coating. Overall, I found that dip coating PVA cross-linked with sodium 

trimetaphosphate (STMP) produced the smoothest coating with the least artifacts. PVA also 

exhibited beneficial properties, including elasticity, mechanical strength, hemocompatibility, and 

sustained baculovirus delivery. The high elasticity yet mechanical strength enabled stent expansion 

and deployment without disrupting the smooth stent coating. Moreover, the stent coating sustained 

baculovirus delivery over ten days enabling gene expression for the desired therapeutic window. 

The stent was also non-toxic and did not affect cell proliferation or viability. The stent system also 

inhibited platelet adhesion and whole blood coagulation, which is important to prevent initial 

thrombosis stages. The stent also did not induce any hemolysis.  

The fifth and final thesis paper completes the thesis objectives, developing a gene- and 

drug-eluting stent for atherosclerotic treatment. I report an optimized stent based off the viral 

dosage, gene expression, stent coating, and elution timeframe. The sustained drug elution 

addresses the final stent complication, long term inflammation and restenosis.  
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Abstract 
 

Coronary artery disease (CAD) occurs in one out of every 20 people over 20, creating a 

significant health and economic burden worldwide. One common cause of CAD is atherosclerosis 

(plaque build-up) which includes endothelial dysfunction, inflammation, and smooth muscle cell 

hyperproliferation. Currently, a bare-metal stent (BMS) or drug-eluting stent (DES) is used to force 

open the artery. However, current stents lead to complications, including blood clotting, 

inflammation, and arterial re-narrowing leading to reintervention, heart failure, stroke, and death. 

To mitigate these complications, a novel gene- and drug-eluting stent (GDES) was developed. The 

stent was synthesized by dip-coating a BMS into a polyvinyl alcohol and Everolimus solution and 

loaded passively with baculoviruses expressing NOS3. The gene and drug are eluted over 10 and 

86 days, respectively. The gene, NOS3, promotes endothelial cell proliferation, prevents smooth 

muscle cell hyperproliferation, reduces reactive oxygen species production, and induces 

endothelial cell migration. The two-week gene expression is sufficient to leave behind a fully 

reformed endothelial lining, preventing downstream complications. Meanwhile, the 86-day 

Everolimus elution prevents inflammation or neointimal hyperplasia progression. The stent 

coating and system are non-cytotoxic and hemocompatible. The dissolvable and anti-thrombotic 

stent coating remains intact during expansion and demonstrates slow, uniform degradation. 

Overall, the gene and drug elution work together to mitigate current cardiovascular stent 

complications by promoting endothelial health and preventing downstream inflammation and 

hyperproliferation.  

 

Keywords: Atherosclerosis, coronary artery disease, drug-eluting stent, gene-eluting stent, 

thrombosis, restenosis, nitric oxide 
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Introduction 
 

Coronary artery disease (CAD) is defined as the obstruction of arteries supplying the heart 

with nutrients and oxygen. CAD is the third leading cause of death yearly, generating a large health 

and economic burden [16]. Around one out of 20, people have CAD [15]. The obstructed arteries 

can be attributed to atherosclerosis, including calcification, inflammation, endothelial dysfunction 

and neointimal hyperplasia [14]. In CAD, low-density lipoprotein accumulates, leading to 

endothelial dysfunction and immune cell accumulation. The endothelial cells become 

dysfunctional and begin expressing new receptors, inflammatory cytokines, and reactive oxygen 

species [144], [196].  This causes the medial layer of smooth muscle cells to hyperproliferate 

(termed neointimal hyperplasia), leading to arterial narrowing (termed restenosis). Plaque 

formation and calcification occur over time, further contributing to arterial dysfunction. All of this 

leads to the proliferation of the medial cell layer (neointimal hyperplasia), inflammation, and more 

plaque development, all narrowing the blood vessel and creating a positive feedback loop. 

Eventually, a necrotic core can form within the plaque and occlude off generating thrombi.  

One of the main treatments for CAD includes implanting a stent. A stent is used to force open the 

artery and has successfully saved millions of lives [25]. The bare-metal stents (BMS), typically 

composed of 316L stainless steel or nitinol, can effectively open the artery and allow blood 

passage. However, this bare stent design has the highest occurrence of thrombosis and restenosis, 

18 % and 2 %, respectively [59]. Further complications arise at the stent site due to incomplete 

endothelial regrowth and vascular SMC proliferation. This can lead to blood vessel narrowing and 

blood clot [35]. Blood vessel narrowing (restenosis) is defined as a >50 % narrowing of a blood 

YHVVHO¶V� GLDPHWHU� DQG� RFFXUV� LQ� �-10 % of cases using current drug-eluting stents [36]. 
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Consequently, drug-eluting stents (DES) have evolved to prevent arterial wall thickening and 

dampen the immune response to prevent inflammation. 

Typically, stent implantation induces a chronic vascular response and inflammation 

leading to neointimal hyperplasia (SMC proliferation). DES vary in shape, coating, and drug type. 

Some common drugs eluted from stents include Paclitaxel, Sirolimus, Everolimus, and Tacrolimus 

[60], [61], [63]. Common polymer coatings include a combination of PBMA, polyvinylidene 

fluoride (PVDF-HF), poly(hexyl methacrylate) (PHMA), polyvinylpyrrolidone (PVP), and poly-

vinyl alcohol (PVA) for their strength a drug retention abilities. 

A DES can prevent smooth muscle proliferation and blood vessel re-narrowing. However, 

the drug also prevents endothelial cell proliferation and regrowth. This approach reduced the risk 

of thrombosis and myocardial infarction, but not in-stent restenosis when compared to the first 

generation of DES [59]. A study involving 31,379 people showed no difference in mortality 

between BMS and DES [61], [62]. This indicates that although these DES are superior to BMS at 

first, they have a comparable efficacy after one-year. Overall, the rate of complications (blood 

clots and blood vessel re-narrowing) is still relatively high at 5-10 % and needs to be addressed by 

future generations of stents [36]. 

Permanent polymers used in the first generation of DES, are associated with delayed 

healing and triggering inflammation. This increases the risk of late and very late thrombosis [64]. 

There are currently several biodegradable stent coatings on the market (Osrsiro, Ultimaster, 

Synergy, BioMatrix Nobori, Combo, and BioMartix Flex®) [26]. These stents have polymers 

coatings that degrade within three to nine months after deployment. However, recent studies have 

shown no difference in short-term safety or efficacy compared to DES and had a higher risks of 

collapse or mechanical failure [65], [67], [68]. An alternative dissolvable option, to prevent 
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polymer-induced inflammation, includes polyvinyl alcohol (PVA) and gelatin. Both of these 

polymers are biocompatible and easily modifiable properties to optimize for a stent coating [167], 

[201].  

To improve current DES, a dissolvable PVA stent coating that elutes nitric oxide synthase 

3 and Everolimus will be investigated. Nitric oxide synthase 3 (NOS3) is produced by functional 

endothelial cells and generates nitric oxide using L-arginine [191]. Nitric oxide regulates cell 

proliferation, promotes blood vessel vasodilation, and inhibits bacterial growth. NOS3 and nitric 

oxide are known for their role in cardiovascular health. Specifically, nitric oxide (NO) can dose-

dependently reduce blood pressure and arterial stiffening [45]. It also prevents endothelial cell 

dysfunction and reduces platelet activation which would lead to thrombosis. NO has shown 

promise in some pre-clinical trials however, to further improve the gene delivery, a baculovirus 

will be used. Baculoviruses are insect cell viruses with an excellent safety and efficiency profile 

[81], [106], [107]. They provide a high but transient gene delivery, ideal for stent applications to 

initiate endothelial healing the first two to three weeks.  

Results  
 

The coated EucaCCFlex Eucatech stent ® (Weil am Rhein, Germany) was used as a base. 

The stent was coated in PVA or PVA-gelatin mixtures and imaged under an SEM to observe the 

coating integrity (Figure 31). The stent struts were entirely encased in the coating with an 

unobstructed inner diameter for blood flow. Visually and under SEM, the stent coating remained 

smooth and intact even during a one-minute expansion at 9 atm. Moreover, uniform degradation 

was observed over two months at normal and accelerated conditions. A smooth surface and 

uniform degradation are important to prevent thrombosis.  
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(a) (b)  

(c) (d)  

 

 

 

 

 

 

 

 

 

(e) 

 

9 mm 9 mm 

Figure 29. PVA-coated stent morphology under SEM 
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(a) PVA-coated Eucatech AG stent before expansion. (b) PVA-coated Eucatech AG stent after expansion 

at 9 atm for one minute. (c) Bare-metal stent under a SEM. (d) Initial PVA-coated Eucatech AG CCFlex 

stent under a SEM. (e) Expanded PVA-coated Eucatech AG CCFlex stent under SEM 

 

The cytotoxicity and hemocompatibility of the stent were also investigated as part of the 

medical device fabrication process (Figure 30). HUVEC adhesion was significantly promoted with 

the addition of gelatin to the PVA. The 1 % (m/v) gelatin addition showed the most significant cell 

adhesion compared to PVA and was used for subsequent studies. There was no significant 

difference between platelet adherence to the PVA coating, PVA-gelatin coatings, or BMS. The 

hemolysis percentages were below 2 % after one hour of incubation, indicating they were non-

hemolytic. The addition of gelatin supported surface blood coagulation compared to the PVA 

coating alone. However, significantly less blood coagulated on all the synthesized coatings 

compared to the BMS (0.0005 < p-value < 0.00005). Moreover, no significant change cell 

proliferation and viability was observed after stent incubation for two days.  

 

(a)      (b)  
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(c)  (d)  

(e)   (f)  

Figure 30. Cell adhesion and blood compatibility for the stent coatings 

(a) HUVEC adhesion to the stents. (b) Platelet adhesion to the stents. (c) Hemolysis percent after incubation 

with the stents for one hour. (d) Blood coagulation on different stents. (e) Cell proliferation after stent 

incubation for 48 hours. (f) Cell viability after stent incubation for 48 hours.  

 

The chemical and mechanical properties of the stent and coating were also investigated 

using FTIR, tensile testing, and swelling tests (Figure 31). ATR-FTIR confirmed the conjugation 
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of STMP and gelatin. The key peaks for PVA were presenting including, 3300 cm-1 (OH group), 

1100 cm-1 (C-O stretching), and 720 cm-1 and 1400 cm-1 (CH2 in PVA). FTIR analysis also 

revealed peaks around 1060 and 1230 cm-1 due to the addition of the STMP crosslinker and PO3- 

bond creation. The addition of gelatin also has a characteristic peak due to the N-H stretching 

(3200-3600 cm-1). The amide bond within the gelatin also adds a peak at 1540-1650 cm-1. The 

modulus of elasticity was 1.47 ± 0.3 MPa and calculated at 60 % strain. Two samples slipped 

before breaking, and the third sample broke at 600 % stretch. The Storage and Loss modulus was 

1099.2 ± 282.4 Pa and 93.14 ± 7.3 Pa, respectively. The hydrogel stent coating also remained 

stable over 56 days at a swelling ratio of approximately 1.5. The swelling ratio and change in 

weight over time did not differ significantly at typical physiological conditions (37 oC) compared 

to accelerated conditions (150 rpm). A gradual degradation of the PVA stent coating was observed 

over 56 days. Comparatively, the PVA-gelatin coatings degraded almost fully within two weeks.  
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(c)�  

(d)�  

Figure 31. Stent coating characterization and degradation 

(a) ATR-FTIR of the PVA-STMP stent coating compared to PVA alone. (b) PVA coating stability (weight 

loss) over time. (c) Uniaxial tensile testing of the PVA stent coating. (d) The swelling ratio of the stent 

coating over time at normal and accelerated conditions (150 rpm and 37 oC).  

 

A baculovirus expressing enhanced green fluorescent protein (EGFP) in insect cells and 

NOS3 in mammalian cells was produced using a polyhedron and cytomegalovirus promoter, 

respectively. The stock titration of the baculovirus expressing NOS3 was 3.5 x 108 TU/mL. The 

virus stock was diluted in HBSS to obtain the required concentration for use. The baculovirus was 

loaded passively onto the stent using the swelling capacity of the coating.  
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NOS3 expression from the baculovirus also demonstrated favourable characteristics, 

including improved cell proliferation, cell migration, angiogenesis, and regulate ROS levels 

(Figure 32). High doses of NOS3 (MOI 500 and 1000) were shown to promote endothelial cell 

proliferation (p<0.00005) significantly. However, it had the opposite impact on SMCs, 

significantly reducing their proliferation in a dose-dependent manner. During CAD, the local 

artery is under an inflammatory response. To mimic this in vitro, the cells were pretreated with 

/36�DQG�,)1Ȗ��1H[W��WKH�FHOOV�ZHUH�WUDQVGXFHG�ZLWK�WKH�EDFXORYLUXV�WR�VHH�LI�126��H[SUHVVLRQ 

could regulate the reactive oxygen species (ROS) production. Favourably, NOS3 reduced ROS 

back to base levels with a significant decrease (p<0.00005) in ROS-positive cells compared to the 

/36�DQG�,)1Ȗ�JURXSV��126��DOVR�JHQHUDWHG�D�VLJQLILFDQW�GRVH-dependent increase in cell migration 

following wounding. With an MOI as low as five still produces a significant impact (p<0.00005). 

When NOS3 and L-NAME were added, a non-selective inhibitor of nitric oxide synthase, cell 

migration was no longer significantly promoted [214]. NOS3 also created a dose-dependent 

increase in nodes and branching length in an angiogenesis assay, although not significant.  

 

(a)    (b)  
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(c) (d)  

(e)  

Figure 32. NOS3 gene expression and therapeutic effect 

(a) HUVEC proliferation after NOS3 delivery via baculoviruses. (b) SMC proliferation after NOS3 delivery 

via baculoviruses. (c) Scratch assay after NOS3 delivery (24 hpi) indicating cell migration induction after 

12 hours. (G��526�SURGXFWLRQ�DIWHU�/36�,)1Ȗ�WUHDWPHQW�IROORZHG�E\�%9�WUDQVGXFWLRQ��(e) Angiogenesis 

assay using cell media acquired after NOS3-BV transduction. (Please see the Appendix for additional data). 

 

First, Everolimus was loaded via direct incorporation into the PVA stent coating. The 

baculovirus, expressing NOS3, was loaded onto the stent using passive loading over 12 hours. The 
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drug was eluted in a sustained manner over the 15 days tested. A curve was fitted to the elution 

graph (R2 = 0.9853) to predict the elution over an extended time (Figure 33a-b). The solved 

equation predicted that the drug would be fully eluted in 86 days. Baculovirus elution was also 

sustained over 8 to 10 days (Figure 33c). The loading efficiency was 18.54 ± 1.6 % for a 33 mm 

stent. Gelatin was also incorporated into the PVA hydrogel coating and investigated. Gelatin has 

been shown to preserve DNA and baculovirus stability [188], [189]. Gelatin is a natural polymer 

that promotes cell attachment and would be beneficial for promoting re-endothelialization [171]. 

Gelatin prolonged BV elution by two days and improved baculovirus viability. Adding 0.5 % (m/v) 

and 1 % (m/v) gelatin resulted in a loading efficiency of 25.3 ± 0.5 % and 30.5 ± 1.0 %, 

respectively. Thus, the PVA coating with 1 % (m/v) gelatin was tested further compared to PVA 

alone. The baculovirus elution was also tested in high serum conditions to confirm that the virus 

was not inactivated. Similar baculovirus elution and viability were observed from the stent coating 

in HBSS and 50 % serum (Figure 33d).  
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(b)�  

(c) (d)�  

Figure 33. NOS3 and Everolimus (EVE) elution from the stent 

(a) EVE elution from the stent over time. (b) EVE elution from the stent over time predictive model. (c) 

BV elution from different stent hydrogel coatings. (d) BV elution in 50 (v/v) % serum and HBSS. (e) 

HUVEC proliferation 24 hours after gene or drug addition. 

 

The therapeutic effects of NOS3 were maintained despite the Everolimus elution (Figure 

34). NOS3 and Everolimus together still significantly improved endothelial cell proliferation 

(p<0.05). Comparatively, the drug further reduced SMC proliferation and was selected for its 

known anti-inflammatory response. The NOS3-induced cell migration in the wound healing assay 
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remained significant compared to the mock (p<0.005). Adding Everolimus did not impact the 

wound-healing ability of NOS3. 

 

(a) (b)  
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(c)  

Figure 34. NOS3 and Everolimus (EVE) elution and therapeutic effect together 

(a) HUVEC proliferation 48 hours after gene and drug are added. (b) Wound area remaining (%) after gene 

and drug addition. (c) Brightfield images of the crystal violet stained cells 12 hours after scratching. Scale 

bar= 0.05 mm.  

 
Discussion  
 

To mitigate current stenting complications, the novel stent should be mechanically stable, 

promote endothelial health, inhibit restenosis, and be anti-thrombotic. The gene- and drug-eluting 

stent (GDES) presented here prevented endothelial dysfunction, thrombosis, and smooth muscle 

cell hyperproliferation, which can contribute to restenosis [36], [65], [67], [68].  

Three different stent coatings were investigated, PVA, PVA-0.5%-gelatin, and PVA-1%-

gelatin. The composition of the stent coatings was confirmed using FTIR with distinct peaks for 

STMP and gelatin. Adding 0.5 % or 1 % (m/v) gelatin significantly improved cellular adhesion 

(p<0.005 vs. p<0.0005) compared to the PVA coating. There was no difference in hemolysis, 

Mock          NOS3 MOI100         NOS3 MOI100 & L-NAME 
  

NOS3 & EVE (1666 nM)                NOS3 & EVE (814 nM)            NOS3 & EVE (413 nM) 
  NOS3 MOI100 NOS3 MOI100 & L-NAME   
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platelet adhesion, blood coagulation, cell proliferation, or cell viability after stent incubation, 

indicating all stent systems were non-cytotoxic and hemocompatible. The addition of gelatin also 

significantly improved the loading efficiency.   

The following steps were followed to load the stent with baculovirus and drug. First, the 

stent was loaded directly with the drug, Everolimus, during fabrication. The drug was estimated to 

elute over 86 days, comparable to current drug-eluting stents such as Eucalimus® [215]. The 

baculovirus, expressing NOS3, was loaded next using passive diffusion. The baculovirus was 

eluted over 10 days with a loading efficiency of 18.54 ± 1.6 % when 5 x 107 TU were incubated. 

The loading efficiency increased with the addition of gelatin to the coating. Specifically, 0.5 % 

(m/v) and 1 % (m/v) gelatin led to a loading efficiency of 25.3 ± 0.5 % and 30.5 ± 1.0 %, 

respectively. Comparatively, the PVA coating alone had a loading efficiency of 15.6 ± 1.6 %. 

However, gelatin also reduced the mechanical stability and resulted in a coating degradation of 

under two weeks. Thus, the PVA coating was suggested for future stent coatings.  

The stent coatings swelled on average 1.5-fold, which helps it comply with the stent 

deployment and expansion. The PVA coating on the Eucatech® chromium cobalt stent was highly 

elastic enabling expansion without deformation or fractures. Degradation was uniform over the 56 

days tested at accelerated conditions. These properties are essential for preventing thrombosis. 

Good tensile strength with a Modulus of Elasticity of 1.47 ± 0.3 MPa. The stent coating has a 

lower modulus of elasticity (1.47 ± 0.3 MPa) compared to 193 GPa for stainless steel and 45 GPa 

for magnesium-based stents [211].  

Promoting endothelial health and re-endothelialization would prevent several downstream 

complications, such as restenosis due to SMC hyperproliferation and inflammation. Specifically, 

NOS3 created a dose-dependent increase in endothelial cell proliferation, with the highest dose 
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creating a highly significant increase (p<0.00005). This is a favorable characteristic to promote re-

endothelialization and prevent downstream restenosis. The wound healing assay revealed 

significantly promoted cell migration (p<0.05) to assist with re-endothelialization following stent 

implantation. L-NAME was also added since it is a known inhibitor of nitric oxide synthase [214]. 

When L-NAME was added, the elevated migratory effect diminished, indicating that NOS3 was 

responsible for creating the therapeutic effect. NOS3 also promotes angiogenesis (although not 

significant), which would help transport nutrients and oxygen to the endothelial cells and promote 

their health.  

Restenosis often results from inflammation, vascular smooth muscle cell 

hyperproliferation, and extracellular matrix formation [216]. Inflammation and reactive oxygen 

species (ROS) production is common within a diseased coronary artery and contribute to restenosis 

and disease pathogenesis [217], [218]. Thus, to mitigate ROS production, NOS3 was added after 

LPS-induction. NOS3 created a dose-dependent decrease in ROS production which may help 

regulate the inflammatory environment. NOS3 also generated a dose-dependent decrease in SMC 

proliferation which would help prevent restenosis due to hyperproliferation. Moreover, the PVA 

coating can be a physical barrier to the SMCs to prevent restenosis development. Everolimus also 

inhibits mTOR, a major growth regulator, to prevent inflammation [60]. Everolimus-eluting stents 

have a better bioavailability due to their higher affinity for FKB12 protein which inhibits smooth 

muscle division in the G1 and G2 phase. Moreover, the drug also prevents T cell proliferation 

mitigating a pronounced immune reaction and inflammation [60]. In this study, Everolimus was 

shown to reduce cell proliferation, preventing SMC hyperproliferation. However, the cell 

migration stimulated by NOS3 was maintained despite Everolimus delivery. This indicates that 

the two molecules can be delivered together without counteracting each other.  
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PVA is common in several different medical device applications due to its inherent safety 

and anti-thrombotic properties [186]. The PVA stent coating supported this showing no signs of 

significant platelet adhesion, blood coagulation, or hemolysis. The coating was also smooth with 

no cracks or breaks, which helps prevent thrombosis. Nitric oxide is also known for its anti-

thrombotic and antibacterial properties [177][180]. Specifically, nitric oxide inhibits platelet 

adhesion preventing the initial blood clotting stage.  

Future studies should be conducted in vivo to confirm the therapeutic efficacy and safety. 

The gene- and drug-eluting stent can also be scaled to fit different arteries and geometries. The 

coating can even be integrated into upcoming fully biodegradable stents to mitigate further 

complications and improve the quality of life of those impacted by PAD. 

Overall, the dual-action stent may effectively mitigate complications seen with current 

stents. Nitric oxide delivery regulates blood coagulation, prevents platelet adhesion, prevents 

thrombosis, prevents SMC proliferation, and promotes endothelial health and migration for re-

endothelialization [180]. Meanwhile, Everolimus prevents inflammation and SMC 

hyperproliferation. The stent is also mechanically sound, anti-thrombotic, non-cytotoxic, and 

contains a dissolvable coating to prevent polymer-induced inflammation.  

Conclusion  
 

The novel gene- and drug-eluting (GDES) stent coating shows favourable properties in 

vitro. The dual factor elution assists with re-endothelialization, inhibiting inflammation, and 

preventing smooth muscle cell proliferation leading to restenosis. The stent coating is also flexible, 

without cracks or breakage during expansion or degradation, to reduce the risk of thrombosis. The 

PVA stent coating is hemocompatible and fully dissolvable, reducing the risk of polymer-induced 

inflammation long-term. Overall, the stent system may improve clinical outcomes by mitigating 
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complications such as thrombosis, restenosis, polymer-induced inflammation, and endothelial 

dysfunction.  

Materials and Methods  
 
Stent coating process  

The PVA-coating technique was adapted from a previous study [201]. Briefly, 20 mL of 

10 % (m/v) PVA was made in sterile water at 90 oC and 700 rpm. Next, 200 ȝL of 15 % (m/v) 

STMP was added, stirring the solution for five minutes. Finally, 80 ȝL of 30 % (m/v) NaOH was 

added to the PVA solution and stirred for one hour. Next, the CCFlex Eucatech ® stent was dipped 

into the PVA solution and dried for 15 minutes. This process was repeated three times. After the 

third dip, the coated tube was placed in a -20 oC freezer overnight. The next day, the PVA-coated 

stent was dried fully overnight and sterilized using ethanol and sterile water washes before final 

drying. After the stent was fully dried, it was stored in the fridge until use. For the PVA-gelatin 

coatings, the same method was employed except 0.5 % or 1 % (m/v) gelatin was added prior to 

STMP and NaOH.  

Stent coating morphology with scanning electron microscopy (SEM)  

A high vacuum and a 10 kV voltage were used with the FEI 450 Quanta SEM at the Facility 

for Electron Microscopy Research (FEMR).  

Swelling and degradation studies  

The coated stents were immersed into HBSS and incubated at 37 oC. For accelerated 

testing, the stents were also shaken at 150 rpm. At the designated time points, the stents were 

blotted dry and weighed to determine their initial swelling ratio and the coating degradation over 

time. The following equation was used to calculate the swelling ratio:  
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Swelling ratio= Weightswollen/Weightdry  

Tensile testing  

To perform the tensile testing, a thin film PVA coating was generated using the same stent 

V\QWKHVLV�PHWKRG�PHQWLRQHG�DERYH��2QFH� WKH�39$�VKHHW�ZDV� IXOO\�GULHG� D��'�SULQWHG� µFRRNLH�

FXWWHU¶�ZDV�XVHG�WR�FXW�RXW�D�GXPEEHOO�VKDSH�DV�GHVFULEHG�LQ�,62���������7Ke thickness of the 

films was measured in triplicate using a Mitutoyo Litematic VL-50A. Next, the thin films were 

tested on a Shimadzu Uniaxial tensile and compression tester with a strain rate of 1 %. Sandpaper 

was added to the clamps to help secure the PVA and prevent slipping.  

Mammalian cell culture (human smooth muscle and umbilical vein endothelial cells)  

Human umbilical vein endothelial cells (HUVECs) and smooth muscle cells (SMCs) were 

cultured at 37 oC in a 5 % CO2 incubator. The HUVECs were cultured in complete endothelial 

growth media (Sigma Aldrich, St. Louis, MI, USA). The SMCs (Coriell Institute for Medical 

Research, Camden, NJ, USA) were cultured in M199 media supplemented with 10 % (v/v) FBS 

and 0.02 mg/mL endothelial cell growth supplement (Sigma Aldrich, Burlington, Massachusetts, 

United States). The cell media was changed every second day and the cells were subcultured just 

prior to confluency. All cells were used before passage five.  

Insect cell culture (Sf9 cells) 

Sf9 cells (Novagen, Sigma Aldrich, Burlington, Massachusetts, United States) were 

maintained at 27 oC in T75 flasks or 250 mL shaker flasks with BacVector media. The shaker 

flasks were rotated at 130 rpm. The cells were subcultured two to three times per week to maintain 

exponential growth.  

Gene cloning and baculovirus (BV) production  
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The nitric oxide synthase 3 (NOS3) gene was purchased from GenScript (Pescataway, NJ, 

USA). EcoRI and NotI restriction enzymes (Thermo Fisher, Waltham, Massachusetts, USA) were 

used to cut out the gene of interest (GOI). The gene fragment was then ligated it into a PakBak9 

plasmid (GenScript) following the CMV promoter from using Instant Sticky End Ligase (NEB, 

Ipswich, Massachusetts, USA). The pBakPak9 vector already contained an enhanced green 

fluorescent protein (EGFP) under polyhedron control. The complete plasmid was then transformed 

into chemically competent DH5 alpha E. Coli (Thermo Fisher). The colonies containing the GOI 

and ampicillin resistance were selected and amplified. The plasmid was then purified from the E. 

coli XVLQJ�1(%¶V�SODVPLG�SXULILFDWLRQ�NLW��7KH�ILQDO�SODVPLG�VWUXFWXUHV�ZHUH�FRQILUPHG�XVLQJ�D�

restriction enzyme gel check and NanoDrop (Thermo Fisher, Waltham, Massachusetts, USA) and 

used for all future steps.  

Baculovirus transfection  

One hour before the transfection, 0.5 × 106 Sf9 cells/well were seeded into a 12-well plate. 

1H[W�����ȝ/�RI�3%6������QJ�RI� WKH�SODVPLG������QJ�RI� WKH�IODVK%$&��DQG������ȝ/�RI�7UDQV,7�

reagent were mixed and incubated for 15 minutes at room temperature. Next, 0.5 mL of the insect 

media was aspirated off, leaving 0.5 mL remaining. The baculovirus transfection mix was then 

added dropwise to the wells. PBS was used as a mock control. The plate was incubated overnight 

and the next day, 0.5 mL of BacVector media was added to each well. The plate was then incubated 

for another four days before the media containing the Po baculovirus stock was harvested.  

Baculovirus (BV) amplification  

The Po baculovirus stock was for amplification and to obtain a high virus titer. First, 100 

mL of Sf9 cells were diluted to a concentration of 2 × 106 Sf9 cells/mL in a shake flask. Next, 0.5 

mL of the original Po baculovirus stock was added to the cells and the flask was incubated for 
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three-four days. The EGFP expression was checked daily and when all cells expressed EGFP the 

virus was harvested. Next, the cells were centrifuged at 300 × g for 20 minutes and the viral 

suspension media (P1) was collected and stored in the dark at 4 oC.  

Baculovirus titration  

The baculovirus P1 stock was titrated using a fluorescent tittering assay. First, 5 × 105 Sf9 

cells/well were seeded into a 12-well plate and incubated for one hour. The virus was diluted in 

10-fold increments during incubation using insect cell medium. The cell media was then aspirated 

off the Sf9 cells and 100 ȝL of the virus dilution was added to each well. The plate was incubated 

for one hour and then an addition 0.5 mL of insect cell media was added to each well and incubated 

at 27 oC. The next day, the number of fluorescent cells was counted in each well with less than 40 

% of fluorescent cells. The following equation was used to calculate the titration:  

Transduction Units (TU)/mL= (number of cells transduced x percent of fluorescent cells × dilution 

factor)/(transduction volume in mL) 

Baculovirus transduction  

First, 1 × 104 mammalian cells/well were seeded into a 96 black well plate with a clear 

bottom (Corning 3603, Thermo Fisher, Waltham, MA, USA) and incubated overnight at 37 °C 

with 5 % CO2. The next day, the cell media was removed, and the designated amount of 

baculovirus was added to each well. The baculovirus was incubated with the cells for three hours 

before being aspirated and replaced with fresh cell media. The plate was then incubated as before 

for 24 to 48 hours before being used in the experiments described below. The cell media 

supernatant was aspirated off and used immediately or stored at -80 oC for future experiments.  

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) 
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For RT-qPCR, cells were transduced with different MOIs of the NOS3-expressing 

baculovirus. Twenty-four hours after transduction, the cell RNA was extracted using an RNA 

extraction kit (Bio Basic, Markham, ON, Canada) and used immediately or stored at -80 oC until 

use. Primers for NOS3 and a reference gene (Beta-actin) were purchased from Bio-Rad (Hercules, 

CA, USA). The RNA, primers, and polymerase solution were mixed as described by the Luna 

Universal One-Step RT-qPCR kit (New England Biolabs, Ipswich, MA, USA). The reaction was 

run on an Illumina Eco Real-Time PCR machine ® (San Diego, CA, USA) for 45 cycles with 35 

seconds (denaturation), 55 °C for 35 seconds (annealing), and 72 °C for 25 seconds (extension). 

MTT proliferation assay  

For the MTT proliferation assay, the baculovirus transduction protocol was followed as 

described above. The next day (24 hpi), 50 ȝL of 5 mg/mL MTT was added to each well and 

incubated for three hours. Next, 35 ȝL of 37 % (v/v) HCl was added to 10 mL of isopropanol. This 

solution was mixed and 100 ȝL was added to each well and mixed via pipetting. The absorbance 

of the plate was measured at 570 nm using an EnSpire multimode plate reader. 

To evaluate the impact of the stent on cell proliferation, the coated stents or BMS were 

added to a 24-well plate containing mammalian cells. After incubation, the stent was removed and 

200 ȝL of 5 mg/mL MTT was added to each well. The cells were then incubated for three hours 

and a 0.04 N HCl solution diluted in isopropanol was added and mixed thoroughly. The cell 

supernatant containing the dissolved MTT was placed into a 96-well plate and read at 570 nm 

using the same EnSpire plate reader as above. 

Live Dead assay  

For the live dead assay the mammalian cells were transduced as described above. After 24 

or 48 hours, a 2 × live dead stain was diluted in 10 mL of cell media using 50 ȝL of 1 mM Calcein 
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AM and 50 ȝL of 2.5 mg/mL Propidium Iodide. Next, 100 ȝL of the the live dead stain was added 

to each well. The plate was incubated for 30 minutes and then imaged using the same Operetta 

microscope system. The live dead cell count was performed using Columbus. A similar approach 

was adopted with direct incubation of the coated stent to determine the impact of the stent coatings 

on cell viability, in a 24-well plate.  

Reactive oxygen species (ROS) assay 

Cells were pre-treated with lipopolysaccharide (LPS) and interferon-JDPPD� �,)1Ȗ�� WR�

induce an inflammatory environment. Next, the cells were transduced with different MOIs of the 

baculovirus to determine if the gene expression reduces ROS production. The transduction 

protocol was followed as above. Forty-eight hours after LPS treatment a ROS kit (Abcam 186029, 

Waltham, Boston, USA) was used to measure ROS production as described by the supplier.  

Endothelial tube formation assay (angiogenesis assay) 

To determine the angiogenic properties of the baculovirus-eluted genes, an endothelial tube 

formation assay was performed as previously described [163]. Cultrex® reduced growth factor 

basement membrane (Bio-Techne, Minneapolis, MN, USA) was added to the bottom of each well 

of a 96-well plate. The plate was then incubated for 30 minutes before 2 × 104 HUVECs/well were 

seeded on top. Finally, 50 ȝL of cell media supernatant from previously transduced cells was 

added. The cells were incubated at 37 oC in a 5 % CO2 incubator for four hours or until well-

defined vasculature could be seen. Cell media containing VEGF or DMSO were used as positive 

and negative controls, respectively. 

In vitro scratch assay  

An in vitro scratch assay was performed as previously described with slight modifications 

[212]. Again, HUVECs were seeded into 96-well plates and grown until confluency. Once they 
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were confluent, the cells were transduced with different MOIs of the baculovirus for three hours. 

The virus inoculum was aspirated, and fresh media was added. Twenty-four hours after 

baculovirus transduction, the wells were scraped with a p200 pipette tip. After twelve hours, the 

wells were imaged when some wounds had healed. The images were analyzed using an ImageJ 

plugin [162].  

Baculovirus release from the stent  

The coated stent was dried overnight at 37 °C before incubating the stent in a baculovirus 

stock solution overnight to allow for passive absorption. Compared to direct incorporation, passive 

absorption was selected to maintain virus activity. The stent was incubated at 27 °C overnight 

before removing the stent and placing it into a new well. Next, 1 mL of HBSS or 50 % (v/v) fetal 

bovine serum (FBS) was added to cover the stent. The HBSS or FBS was removed and replaced 

with fresh solutions at designated times to determine the amount of baculovirus released over time.  

Everolimus release  

The PVA stent coating was incubated directly with Everolimus dissolved in DMSO at the 

desired concentration. The stent coating was incubated in HBSS at 37 °C. At the designated time 

points, the HBSS was removed and read at 280 nm absorbance (NanoDrop, Thermo Fisher) as 

described elsewhere [219]. Fresh HBSS replaced the old supernatant.  

Cell adhesion to stent coatings 

To determine if the stent coatings promoted cellular adhesion. Thin films of the hydrogels 

were created and seeded on the bottom of a 24-well plate. The hydrogels were dried overnight and 

then swollen in cell media for one hour. After one hour, the cell media was removed and HUVECs 

were seeded onto the hydrogels. Empty tissue treated wells were used as a control. The seeded 

hydrogels were incubated at 37 °C for two hours. After the two hours, the hydrogels were washed 
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with HBSS to remove any unattached cells. The hydrogels were then fixed in 3.7 % (v/v) 

formaldehyde for 15 minutes and washed with PBS. Finally, the hydrogels were stained with 0.1 

% (m/v) crystal violet to visualize the cells under a brightfield microscope. The cells were counted 

using ImageJ. 

Hemolysis  

Whole blood samples from two individuals (Male 49, Hispanic and female 29, white; 

Innovative Research Inc, Novi, Michigan) were used for the hemolysis test. Whole blood was 

extracted by the company, directly into sodium citrate coated tubes. The stents were immersed into 

1 mL of PBS in a 2 mL centrifuge tube. Next, 4 mL of citrated blood was mixed with 5 mL PBS 

and 0.1 mL of the diluted blood was added to each sample. The stents were incubated at 37 °C for 

one hour and then centrifuged at 1000 rpm for 10 minutes. The supernatant, containing the lysed 

hemoglobin, was pipetted into a 96-well plate. The plate was read at 545 nm. A standard curve for 

the hemolysis was also generated using dilutions of PBS and deionized water to calculate the 

hemolysis percentage. The negative and positive control was PBS and deionized water, 

respectively. The following equation was used to determine the percent hemolysis.  

Hemolysis (%) = ((ODsample-ODnegative control)/(ODpositive-ODnegative)) × 100%  

Platelet adhesion to stent coatings 

Platelet adhesion to the stent coatings was performed as previously described [213]. 

Briefly, platelet-rich plasma (PRP) was obtained by centrifuging whole blood at 1000 × g for 20 

minutes. The platelet concentration was calculated using a hemocytometer (952 ± 98 platelets/ 

ȝL). Meanwhile, the stents were added to a 24-well plate and washed with PBS. The stents were 

then covered with 200 ȝL of the PRP and incubated for one hour at 37 °C. After the incubation, 

the stents were carefully removed and washed with PBS. The stents were then incubated with 100 
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ȝL of 2 % (m/v) Triton X-100 for 30 minutes at 37 °C to lyse the adherent platelets. The lysed 

platelet solution was used in an LDH assay (Abcam, Waltham, Boston, USA) following the 

VXSSOLHU¶V�LQVWUXFWLRQV��$�VWDQGDUG�FXUYH�IRU�SODWHOHW�FRQFHQWUDWLRQ�DQG�1$'+�DFWLYLW\�ZDV�FUHDWHG�

to calculate platelet adherence to the stent coatings.  

Stent coating-induced whole blood clotting 

Whole blood clotting on the stent coatings was evaluated using whole blood samples from 

two individuals (Male 49, Hispanic and female 29, white; Innovative Research Inc, Novi, 

Michigan) [160]. The coated stents were placed into a 24-well plate and incubated in PBS for one 

hour. Next, 7 ȝL of whole blood was pipetted onto the surface of each stent. After 15, 30 and 45 

minutes of incubation, deionized water was added to each sample and incubated for five minutes 

to induce hemolysis. The resulting supernatant was removed, and the absorbance was read on a 

96-well plate at 540 nm. Tissue culture treated wells and blood added directly to deionized water 

were used as controls.  

Statistical analysis  

All results are reported as a mean ± standard deviation (SD) of triplicates, p-values less 

than 0.05 were considered significant. One-way ANOVAs with post-KRF� 7XNH\¶V� WHVW� RQ�

GraphPad Prism (version 9.0.0 for Windows, GraphPad Software, San Diego, California USA, 

www.graphpad.com) were used for data analysis.   
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CHAPTER 9: General discussion  
 

Atherosclerosis is a disease characterized by the buildup of fatty deposits within arteries 

leading to the obstruction of blood flow and severe complications. In atherosclerosis, low-density 

lipoprotein (LDL) accumulates, leading to endothelial dysfunction and immune cell accumulation. 

The high LDL levels and endothelial dysfunction cause the medial cell layer to hyperproliferate 

(termed neointimal hyperplasia). The LDL continues to accumulate in the artery and commences 

an inflammatory reaction. The activated immune cells translocate into the subendothelial space. 

Particularly, monocytes are known to translocate and differentiate into inflammatory macrophages 

[2]. The macrophages take up the LDL and differentiate into foam cells. The foam cells release 

more growth factors and cytokines promoting SMC migration and proliferation contributing to 

neointimal hyperplasia. 

During the SMC migration and proliferation, extracellular matrix remodeling can also 

occur, leading to stiff, stenotic, and calcified blood vessel walls. Several studies have reported that 

high levels of C-reactive protein (CRP) and reactive-oxygen species (ROS) contribute to the 

inflammatory response and disease progression [144], [196]. The immune cells and macrophages 

eventually become overextended and undergo apoptosis, releasing pro-thrombotic factors, 

damaging microvessels, and contributing to a necrotic core [3]. Plaque erosion and rupture can 

cause thrombi formation, further obstructing blood flow and leading to clinical complications. 

These factors create a positive feedback loop contributing further to neointimal hyperplasia, 

inflammation, and plaque development, all narrowing the blood vessel. 

Both coronary artery disease (CAD) and peripheral artery disease (PAD) can be caused by 

atherosclerosis. CAD is characterized as a disease of the blood vessels and heart. Coronary artery 

disease, or cardiovascular disease, is the third leading cause of death yearly, generating a large 



 

 209 

health and economic burden [16]. Around one out of 20, people have CAD [15]. Comparatively, 

peripheral artery disease (PAD) affects nearly one in five people over 60, with an estimated 200 

million new cases each year worldwide [5], [6]. More recent data suggests that PAD is also 

infiltrating younger generations, with one to four percent of people aged 25 to 29 diagnosed with 

PAD [7]. People with PAD report a worse quality of life, higher work impairment, and use more 

healthcare resources compared to people without PAD [8]. Moreover, complications and 

disabilities associated with PAD have a larger burden on women and people in developing 

countries [7], [9]. PAD often comes with significant pain, discomfort, limb ischemia, stroke, and 

increases the risk of major cardiovascular events such as myocardial infarction, stroke, and 

coronary artery disease [4]. The obstructed blood flow can also lead to chronic wounds that have 

difficulty healing.  

This thesis presents a novel baculovirus-based delivery system and stent for treating 

atherosclerosis involved in PAD and CAD. To achieve this, four aims were developed; 1) evaluate 

baculovirus gene delivery safety, 2) optimize the baculovirus delivery system for sustained elution, 

3) investigate the therapeutic effect of three different genes (ADAMTS13, NOS3, and VEGFA) 

eluted from a fully dissolvable stent, and 4) investigate a gene- and drug-eluting stent to improve 

clinical outcomes.  

 

1) Baculovirus safety investigation 

Research Objective I: To design gene-eluting (ADAMTS13, VEGFA, & NOS3) baculoviruses 

and evaluate their safety, stability, and efficacy in vitro for gene therapy applications.  

Challenges for gene therapy include the high cost, gene or protein instability, potential off-

target effects, low efficiency, and lack of sustained and stable expression [220]. However, 
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baculovirus can address these issues making gene therapy feasible and more accessible to all. 

Baculoviruses can easily be stored at various temperatures, including 4 oC and -80 oC lasting over 

a year with a high infectivity [190]. However, they must be protected from light to maintain high 

viability, which is not an issue for the stent implantation [187]. Baculoviruses are safe for the mass 

production of proteins, antibodies, vaccines, and other components [125], [221]. Moreover, the 

high efficiency and ease of baculovirus production make them a feasible option for mass 

production of therapeutics and even personalized medicine.  

Baculoviruses are known to be highly efficient gene delivery vehicles to several cell types 

[222]. However, SMC and HUVEC efficiency have not been reported with this virus type. 

Moreover, most papers perform the virus transduction at temperatures below typical physiological 

conditions (37 oC). For efficient baculovirus stent delivery, transduction must be efficient at 

physiological conditions and in high serum conditions thus these conditions were tested in vitro. 

Here, baculovirus gene delivery was significantly more efficient than typical plasmid delivery. 

The baculovirus was stable at physiological temperatures and could significantly increase gene 

levels relative to the initial dosage. 

Direct baculovirus administration has not been studied extensively. The baculovirus safety 

was confirmed in human smooth muscle and endothelial cells in vitro. Overall, no evidence of 

genotoxicity, cytotoxicity, or changes in lysosomal activity was observed. Moreover, early signs 

of inflammation indicated by C-reactive protein and reactive oxygen species production were not 

observed. Baculovirus delivery was also hemocompatible, which is essential for all direct human 

therapy applications. Specifically, no hemolysis or change in blood clotting activity was observed 

with baculovirus incubation. The thesis paper reports that baculovirus gene delivery is safe even 

at high doses (MOI 1000). These results support the use of baculoviruses in cancer therapy, vaccine 
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production, and tissue engineering applications [82]±[84]. Overall, this paper and thesis 

demonstrates that baculovirus gene therapy is safe, efficient, stable, and feasible. 

2) Baculovirus delivery system optimization  

Research Objective II: To create a baculovirus delivery platform to optimize the therapeutic 

timeframe, efficacy, and safety.  

Research Objective III: To develop a wound dressing to treat the chronic wounds commonly 

associated with PAD.  

Given that baculovirus gene delivery is safe for direct human applications, controlled and 

sustained delivery is a crucial step for human therapeutic applications. Hydrogel delivery systems 

were synthesized for customizable and controlled baculovirus delivery enabling gene delivery over 

a range of days. The hydrogel properties were optimized to create a flexible yet mechanically 

sound stent or stent coating.  

Natural and biodegradable polymers were investigated to mitigate off-target effects and 

toxicity. First, an alginate-chitosan hydrogel system was created with sustained baculovirus 

delivery over ten days. The hydrogel system was antimicrobial, swelled severalfold, 

hemocompatible, promoted blood coagulation, and was stable over a month. However, the blood 

coagulation properties and low mechanical strength did not make it suitable for a stent coating. 

Beneficially, these properties are required for chronic wound treatment. Thus, the hydrogel system 

developed was investigated for treating the chronic wounds associated with limb ischemia from 

PAD. Overall, the VEGFA eluted from the baculovirus hydrogel significantly improved 

angiogenesis, cell migration, wound healing, and cell proliferation. This generates a favourable 

wound-healing environment.  
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An ideal wound dressing should be antimicrobial and provide a moist environment [148]. 

The wound dressing also promoted cell migration, angiogenesis, and epithelialization to help 

regenerate the damaged tissue [158],[151]. This promising approach for chronic wound treatment 

meets all these wound dressing requirements. Non-healing wounds and ulcers occur in one-two 

out of every 100 people [223]. In the US alone, chronic wounds affect 6.5 million people, costing 

the healthcare system 25 billion dollars [224]. Chronic wounds may be attributed to reactive 

oxygen species, inflammatory cytokines, senescent cells, low growth factor production, infection, 

and endothelial cell dysfunction [225]. The gene-eluting wound dressing has the potential to 

improve clinical outcomes through improved healing, comfort, and reduced risk of infection and 

amputation. 

As for the stent investigation, another natural polymer was investigated, polyvinyl alcohol 

(PVA). PVA is dissolvable and anti-thrombotic [167], [201]. Different polymers (gelatin, 

polyethylene glycol, and chitosan) and synthesis methods were investigated to optimize the PVA 

delivery system. The PVA-based hydrogels investigated here sustained baculovirus elution from 

five to 25 days, depending on the hydrogel composition. The quantity of viable baculovirus loaded 

significantly declined with each freeze-thaw from one to four (15.3 ± 2.9 % vs. 0.9 ± 0.5 %, 

respectively). The addition of gelatin to the hydrogels protected baculovirus viability during the 

freeze-thaw cycles, resulting in one of the highest loading capacities of 94.6 ± 1.2 % with elution 

over 23 days. Adding chitosan, PEG-8000, and gelatin to the hydrogels altered the properties of 

the hydrogel, including swelling, blood coagulation, and antimicrobial effects for different 

therapeutic applications. Passive absorption of the baculovirus into PVA hydrogels exhibited the 

highest baculovirus loading (96.4 ± 0.6 %) with elution over 25 days. The PVA-based hydrogels 

exhibited good blood compatibility and were non-cytotoxic to SMCs and HUVECs. The delivery 
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system can be further customized by adding other polymers, loading methods, or additional freeze-

WKDZ�F\FOHV��7KHVH�DOWHUDWLRQV�FDQ�FKDQJH�WKH�K\GURJHO¶V�PHFKDQLFDO�SURSHUWLHV�DQG�JHQH�HOXWLRQ��

specific to each therapeutic application. This proof of concept has clinical applications as a medical 

device or stent coating by improving blood compatibility, preventing thrombosis, and preventing 

infection. Overall, the PVA-based hydrogel delivery of baculoviruses to mammalian cells is 

efficient, safe, and customizable.  

3) Tri-gene eluting dissolvable stent  

Research Objective IV: To optimize the baculovirus doses, gene expression, polymer selection, 

and mechanical properties to fabricate an optimized dissolvable peripheral stent. 

Fully biodegradable or dissolvable stents offer several advantages such as eliminating the 

foreign body (the stent), which could reduce the risk of thrombosis [28]. Complete biodegradation 

of the stent would also support normal vasomotion and luminal movement. Specifically, polyvinyl 

alcohol (PVA) has the required mechanical strength and elasticity of a stent [31]±[34]. It also 

demonstrated uniform degradation, hemocompatibility (no platelet or blood coagulation,) and 

swelling behaviour to assist with self-expansion. Next, an early-stage intervention to promote 

endothelial health could prevent current downstream complications including thrombosis, in-stent 

restenosis, calcification, and low patency. Given the literature, promoting proper endothelial 

function would appear to prevent LDL accumulation, immune cell infiltration, inflammation, and 

smooWK�PXVFOH�FHOO�K\SHUSUROLIHUDWLRQ��7R�SURPRWH�HQGRWKHOLDO�KHDOWK��EDFXORYLUXVHV¶�H[SUHVVLQJ�

three genes (ADAMTS13, NOS3, and VEGFA) were loaded onto the stent to assist with 

endothelial cell regulation. 

Nitric oxide synthase 3 (NOS3) is produced by functional endothelial cells and generates nitric 

oxide using L-arginine [191]. Nitric oxide regulates cell proliferation, promotes blood vessel 
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vasodilation, and inhibits bacterial growth. NOS3 and nitric oxide are known for their role in 

cardiovascular health. Specifically, nitric oxide (NO) can dose-dependently reduce blood pressure 

and arterial stiffening [45]. It also prevents endothelial cell dysfunction and reduces platelet 

activation which would lead to thrombosis. Here, we report that nitric oxide delivery prevents 

SMC proliferation, promotes endothelial proliferation, reduces ROS production, and promotes cell 

migration. These properties are beneficial in a stent application for its re-endothelialization, anti-

restenotic, and anti-thrombotic properties.  

Vascular endothelial cell growth factor A (VEGFA) is known to be one of the most potent pro-

angiogenic factors and plays a key role in wound healing [30±32]. Specifically, VEGFA promotes 

endothelial cell migration, proliferation, and capillary tube formation. Furthermore, intradermal 

VEGF injections have accelerated diabetic wound-healing [151], [152]. We report that baculovirus 

VEGFA delivery promoted cell proliferation, migration, and angiogenesis as reported elsewhere 

[137]. These properties are beneficial for promoting endothelial health and re-endothelialization 

following stent implantation.  

Finally, ADAMTS13 cleaves vWF, which prevents platelet aggregation and blood clotting. 

High vWF and low ADMTS13 levels are associated with major cardiovascular events and 

thrombosis [114], [199]. ADAMTS13 is naturally secreted from healthy endothelial cells was 

selected for its potential anti-thrombotic properties [208]. ADAMTS13 is a metalloproteinase that 

cleaves large multimers called von Willebrand factor (vWF) into smaller pieces and prevents early 

stages of platelet aggregation [199], [200]. This would have a beneficial antithrombotic property 

for the stent. ADAMTS13 delivery was functional and cleaved vWF [199]. The anti-thrombotic 

activity of ADAMTS13 can work additively with the PVA coating. ADAMTS13 and NOS3 were 
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found to work additively to promote re-endothelialization, prevent inflammation, and prevent 

thrombosis and thus were used in the stent systems. 

Overall, the baculovirus-eluting dissolvable stent fabricated here may mitigate current 

peripheral stent complications, including in-stent restenosis, endothelial dysfunction, and 

thrombosis. The genes delivered by the baculovirus promote endothelial recovery, endothelial 

migration, and prevent inflammation. The gene delivery matches the therapeutic timeline while 

maintaining a very high safety profile (no signs of cytotoxicity, inflammation, or hemotoxicity). 

The genes and PVA provide an anti-thrombotic coating by preventing platelet adhesion and blood 

coagulation. The PVA stent also acts as a physical barrier to prevent SMC hyperproliferation. 

Meanwhile, the stent itself demonstrated sufficient mechanical strength yet flexibility to improve 

patency. These improvements may reduce complications and improve clinical outcomes, 

mitigating PAD's health and economic burden.  

The novel stent system can potentially mitigate complications associated with PAD stenting 

and improve clinical outcomes. Specifically, the stent system can promote endothelial function, 

stimulate re-endothelialization, inhibit neointimal hyperplasia, and prevent in-stent restenosis 

while improving patency. The stent was shown to be safe and efficient, providing a superior option 

for people suffering from PAD or CAD. This can relieve both the health and economic burden of 

atherosclerosis related complications.  

4) A gene- and drug-eluting coronary artery stent  

Research Objective V: To optimize the gene and drug concentration and elution from coronary 

stent coating to mitigate current complications and improve clinical outcomes.  

To mitigate current stenting complications (thrombosis and restenosis), a novel gene- and drug-

eluting (GDES) stent was also developed. The novel gene- and drug-eluting (GDES) stent coating 
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shows favourable properties in vitro. The smooth stent coating that remains intact during 

expansion and demonstrates slow, uniform degradation. The stent coating is also flexible, without 

cracks or breakage during expansion or degradation to reduce the risk of thrombosis. A cross-

linker (STMP) improves the tensile strength of the coating which can stretch up to 600 % allowing 

for stent expansion and arterial movement. The stent system in non-cytotoxic and hemocompatible 

providing an antithrombotic coating that physically prevents SMC hyperproliferation. The fully 

dissolvable coating also reduces the risk of long-term polymer-induced inflammation. The gene 

and drug are eluted over 10 and 86 days, respectively. The gene, NOS3, promotes endothelial cell 

proliferation, prevents SMC proliferation, reduces ROS production, and induces cell migration. 

The two-week gene expression enables time for a fully developed endothelial lining to form, 

preventing downstream complications. The 86-day drug elution prevents any inflammation or 

neointimal hyperplasia that may occur. The dual factor elution assists with re-endothelialization, 

inhibiting inflammation, and preventing smooth muscle cell proliferation leading to restenosis. 

Overall, the stent system may improve clinical outcomes by mitigating current complications such 

as thrombosis, restenosis, polymer-induced inflammation, and endothelial dysfunction.  
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CHAPTER 10: Limitations and future recommendations 
 

Although this work is comprehensive and fulfills all research objectives there are 

limitations and future directions. Future work should focus on the next stage of pre-clinical 

research for all presented work. All in vitro work showed promising results suggesting that in vivo 

studies are warranted.  

Chronic and non-healing wounds are common in people with PAD due to inadequate blood 

flow. Common complications with chronic wound dressings include infection, poor adherence, 

lack of moisture control, low cell regeneration, inadequate exudate (fluid) management, allergic 

reaction, pain during removal, and high cost. However, the wound dressing presented here 

addresses all these complications and thus should be tested further in pre-clinical and eventually 

clinical studies. The microcapsule hydrogels should be tested in conjugation with classic bandages 

and dressing to accelerate healing, prevent infection, and provide moisture control.  

Both peripheral and cardiac stents are used to treat atherosclerosis. Both stent types have 

similar complications including restenosis, thrombosis, in-stent fractures, limited flexibility, 

limited sizes, allergic reactions, calcification, and long lesions. The dissolvable stent and PVA 

stent coating presented here address these issues. Further stent coating optimization could be 

investigated. Specifically, a coating that promotes endothelial cell adhesion while preventing 

platelet, protein, and immune cell adhesion. This would further assist with re-endothelialization 

and stent patency. The next steps include testing the stent systems in vivo to confirm their 

therapeutic efficacy. Specifically, a swine model, following FDA guidelines, would result in the 

quickest translation to practice. Finally, different peripheral and cardiac stenting locations should 

be investigated more thoroughly for changes in fluid dynamics and anatomy that come with it. 

Computational modeling could also be employed to predict drug elution patterns, fluid dynamics, 
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and stent efficacy. Given favourable outcomes, the stents should be tested long-term in a pre-

clinical setting before moving onto a small clinical trial.  
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CHAPTER 11: Conclusion 
 

This thesis presents the design, optimization, and engineering of baculovirus gene delivery 

platforms for treating atherosclerosis present in coronary and peripheral artery disease. The 

baculovirus delivery system was extensively investigated for its safety and efficacy. The in vitro 

efficacy and safety of baculovirus gene delivery was confirmed using the main cells that populate 

the artery (SMCs and HUVECs). Given that the baculovirus was safe and effective, a delivery 

system was needed to extend the gene expression over the therapeutic window. Thus, alginate-

chitosan and PVA-based hydrogel systems were investigated and optimized for the baculovirus 

delivery. The antimicrobial and hemostatic properties of the alginate-chitosan hydrogel were 

beneficial for treating the chronic wounds often seen in PAD patients. Comparatively, a PVA or 

PVA-gelatin hydrogel demonstrated the most favourable properties for stent fabrication. A fully 

dissolvable stent was then made from PVA that eluted three different genes to help prevent 

atherosclerosis progression. The three genes worked additively to recover a healthy endothelium 

and leave behind fully reformed vasculature. A bare-metal stent was also coated in PVA and PVA-

gelatin. The stent coating eluted a gene and drug to create dual action stent. The novel stent coating 

significantly reduced inflammation while promote endothelial recovery and growth. Overall, the 

thesis provides a comprehensive investigation into a gene- and/or drug-eluting stent to treat 

atherosclerosis present in PAD and CAD.  
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CHAPTER 12: Summary and claimed original contributions to 
knowledge 
 

The main goal of this thesis was to design a new stent to treat atherosclerosis. Towards this 

goal, the following original contributions were reported: 

 
1. Baculovirus transduction and gene delivery is efficient even at physiological 

temperatures.  

2. Baculovirus administration and gene delivery is safe even at high doses (MOI of 1000).  

3. Baculovirus administration and gene delivery showed no signs of cytotoxicity, 

genotoxicity, inflammation, hemolysis, thrombosis, or lysosomal hijacking at therapeutic 

doses.  

4. Baculovirus gene therapy is hemocompatible.  

a. Baculoviruses do not alter blood clotting time.  

b. Baculoviruses do not cause hemolysis.  

5. Baculoviruses gene delivery can efficiently transduce even in serum (up to 50 % tested).  

6. Wound dressings composed of alginate-chitosan hydrogels sustain baculovirus delivery 

and viability over ten days. 

7. Alginate-chitosan hydrogel dressings have a baculovirus encapsulation efficiency of 99.9 

%.  

8. Baculovirus-eluting alginate-chitosan hydrogels demonstrate antimicrobial properties by 

preventing bacterial growth, promoted blood coagulation, and swelling to incorporate 

bacterial and cellular debris.  
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9. Alginate-chitosan hydrogels eluting baculovirus (that expressed VEGFA) have 

therapeutic potential in wound dressing for chronic wounds common in people with 

PAD. 

10. Baculovirus gene delivery hydrogels (alginate-chitosan, PVA, PVA-gelatin, PVA-PEG, 

and PVA-chitosan) are customizable and sustain virus delivery using different polymers 

incorporated into PVA-based hydrogels. 

11. In baculovirus-eluting PVA hydrogels, elution can be customized from five to 23 days 

using different polymers added to the PVA base.  

12. PVA-based hydrogel loading efficiency ranged from 0.4 % to 96.4 %.  

13. Passive baculovirus loading onto PVA hydrogels allows sustained baculovirus delivery 

over 25 days.  

14. Adding gelatin to PVA hydrogels significantly improves baculovirus stability over time 

and even over multiple freeze-thaw cycles.  

15. Baculoviruses are stable, safe, and efficient at physiological conditions promoting their 

use in countless gene therapy applications in human, veterinary, and environmental 

applications. 

16. PVA-based hydrogel elution of NOS3 baculovirus gene delivery shows angiogenic 

properties by promoting HUVEC proliferation and migration. 

17. NOS3 baculovirus gene delivery from PVA hydrogels is also anti-inflammatory by 

regulating ROS production. 

18. NOS3 expression from baculovirus eluted from PVA hydrogels inhibits smooth muscle 

cell proliferation providing anti-restenotic properties.  
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19. Stent delivery of baculoviruses expressing ADAMTS13 creates an anti-inflammatory 

state by reducing ROS production. 

20. Stent delivery of baculoviruses expressing ADAMTS13 cleaves vWF, preventing platelet 

aggregation and providing anti-thrombotic properties.  

21. Stent delivery of baculoviruses expressing VEGFA provides angiogenic, proliferative, 

and wound-healing properties important for endothelial health and re-endothelialization.  

22. Stent delivery of ADAMTS13 and NOS3 (via baculovirus vectors) demonstrate superior 

angiogenic, anti-inflammatory, anti-thrombotic, and anti-restenotic (cell-type dependent 

proliferation) compared to one gene alone.  

23. Dissolvable PVA stent coatings cross-linked with STMP creates a smooth coating that is 

anti-thrombotic, flexible, and mechanically strong.  

24. The engineered PVA stent coating is capable of passive baculovirus loading and 

sustained elution.  

25. PVA stent coatings can elute baculovirus over ten days even in high serum conditions, 

the main component of blood.  

26. Dissolvable PVA stents cross-linked with STMP and then fully dried possess the proper 

mechanical properties to act as a self-expandable and dissolvable peripheral stent.  

27. The PVA stent coating has properties that can combat peripheral and coronary stenting 

complications (low patency, thrombosis, and in-stent restenosis).  

28. Baculovirus gene delivery can work in synergy with Everolimus release. Specifically, 

neither appear to impact the therapeutic function and both significantly decrease SMC 

proliferation.  
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29. The PVA hydrogel stent coating is effective baculovirus and Everolimus delivery 

systems.  

30. The PVA hydrogel stent coating does not stimulate platelet adhesion or blood coagulation 

making it anti-thrombotic.  

31. PVA-gelatin stent coatings improve cellular adhesion without promoting platelet or blood 

accumulation.  

 

The three medical devices presented address critical limitations of current technology. All three 

devices had significant therapeutic potential, excellent safety margin, and no cytotoxicity effects 

and 

Chronic wounds are common in PAD whereby the reduced blood flow lead to non-healing 

ulcers and wounds. The alginate-chitosan wound dressing meets all requirements for a novel 

wound dressing. The natural polymers mitigate the risk of allergic reaction and cost. The six-fold 

swelling nature of the hydrogel also provides moisture control and fluid management. Moreover, 

chitosan is antimicrobial showing a bacterial zone of growth inhibition. The VEGFA expression 

from baculoviruses promotes endothelial cell migration and angiogenesis to stimulate wound 

healing. Overall, the wound dressing addresses key issues with current dressings including 

infection, poor adherence, lack of moisture control, low cell regeneration, inadequate exudate 

(fluid) management, allergic reaction, pain during removal, and high cost.  

The dissolvable peripheral stent elutes three genes to assists with cell regulation and preventing 

inflammation. The genes initiate endothelial regulation and help prevent consequential issues such 

as thrombosis, restenosis, and calcification. Moreover, the PVA base degrades over time leaving 

behind fully formed vasculature and preventing long term polymer induced inflammation. The 



 

 224 

dissolvable PVA material is also flexible mitigating the risk of stent fracture and easily 

customizable for a range of lesion sizes. Overall, the novel stent properties address current stenting 

complications including restenosis, thrombosis, in-stent fractures, limited flexibility, limited sizes, 

allergic reactions, calcification, and long lesions. 

The cardiac stent uses a dual action mechanism with both drug and gene-eluting. The novel 

stent coating address current stenting complications including restenosis, thrombosis, limited 

sizes, allergic reactions, and calcification. The gene and drug work short and long term to prevent 

restenosis, thrombosis, and downstream calcification. Moreover, the natural components and 

polymers used mitigate the risk of allergic reaction.  
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Appendix 
Figure 15a-b 

 

 
Where M is for Mock and V is for VEGF 
 
Figure 15d-h 

 
Where M is for Mock and V is for VEGF 
 
 
Figure 24 & 34: Wound healing assay 

03-Aug Name Analysed areaNb extreme Nb nodes Nb junctions Nb master junctionNb master segtot. master seg lengthNb meshes total meshes area Nb peaces Nb segmentsNb branches Nb isol. Seg total length total branching length total seg lengthtotal branches lengthtotal isolated branch lengthbranching interval mesh index
V1 V_9859-tr 1166886 82 260 76 27 47 6811 14 209135 154 83 60 11 11580 10791 6449 4342 789 107.483 252.259
V2 IMG_9860-tr 1066716 107 360 97 33 55 6734 13 151092 203 106 87 10 12290 11655 6346 5309 635 72.943 204.061
V 1116801 94.5 310 86.5 30 51 6772.5 13.5 180113.5 178.5 94.5 73.5 10.5 11935 11223 6397.5 4825.5 712 90.213 228.16

M1 IMG_9874-tr 950796 70 200 56 28 45 5556 14 123032 118 67 34 17 9308 7904 5349 2555 1404 157.324 198.429
M3 M.jpockg copy-tr 875952 61 182 52 18 31 4303 8 90470 109 58 43 8 8312 7608 3971 3637 704 92.349 239.056
M2 Mock_9875-tr 895860 78 227 69 26 42 6008 12 142813 142 75 56 11 10770 10050 5669 4381 720 101.232 231.077
M 907536 69.6666667 203 59 24 39.3333333 5289 11.3333333 118771.667 123 66.6666667 44.3333333 12 9463.33333 8520.66667 4996.33333 3524.33333 942.666667 116.968333 222.854

03-Aug Name Analysed areaNb extreme Nb nodes Nb junctions Nb master junctionNb master segtot. master seg lengthNb meshes total meshes area Nb peaces Nb segmentsNb branches Nb isol. Seg total length total branching length total seg lengthtotal branches lengthtotal isolated branch lengthbranching interval mesh index
M1 1637048 26 17 5 8 30 4713 4 6761 36 22 2 12 7941 5294 5221 73 2647 2610.5 589.125 1690.2
M2 1656480 27 25 6 10 26 5035 3 8841 41 23 9 9 10548 9936 5690 4246 612 632.222 503.5 2947
M3 1725680 24 140 38 22 42 17937 18 201710 75 56 14 5 22722 22228 18027 4201 494 1287.643 815.318 11206.1
V1 1732032 43 160 47 45 114 23862 31 374097 129 101 13 15 35438 32049 26526 5523 3389 2040.462 530.267 12067.6
V2 1699944 67 95 28 39 84 18955 18 268530 112 69 19 24 28730 23797 21445 2352 4933 1128.684 486.026 14918.3
V3-tr 1605884 52 156 46 40 91 23910 28 397005 128 94 16 18 38183 34055 26182 7873 4128 1636.375 597.75 14178.8
Angio DMSO1-tr 1389680 23 3 1 2 4 371 0 0 17 5 3 9 2134 1826 578 1248 308 192.667 185.5 0
Angio DMSO2-tr 1359412 8 0 0 0 4 461 0 0 8 4 0 4 2619 569 569 0 2050 0 0 0
Angio DMSO3-tr 1336167 9 19 5 2 9 1452 3 5907 17 12 1 4 2224 1651 1611 40 573 1611 726 1969

at 6h and 12h
Name Area mm^2 Area % Width mm Std Dev mm Area mm^2 avgstd dev Area % avg Std dev Label

2 hours V1 wound 2h_18_03_2022_0407.JPG0.569 17.641 0.489 0.12 0.41533333 0.20089881 12.8726667 6.22380465 V
V2 wound 2h_18_03_2022_0408.JPG0.489 15.145 0.51 0.136
V3 wound 2h_18_03_2022_0413.JPG0.188 5.832 0.045 0.192
M1 wound 2h_18_03_2022_0417.JPG0.948 29.374 0.707 0.109 0.72833333 0.19104014 22.5653333 5.92188824 Mock
M2 wound 2h_18_03_2022_0418.JPG0.636 19.709 0.47 0.121
M3 wound 2h_18_03_2022_0422.JPG0.601 18.613 0.499 0.121

12 hours V1 wound 12h_18_03_2022_0440.JPG0.224 6.954 0.311 0.118 0.172 0.0488774 5.33 1.5274973 V
V1 wound 12h_18_03_2022_0442.JPG0.127 3.922 0.087 0.079
V3 wound 12h_18_03_2022_0443.JPG0.165 5.114 0.246 0.087
M1 wound 12h_18_03_2022_0446.JPG0.093 2.897 0.218 0.113 0.12066667 0.02482606 3.74266667 0.7585317 Mock
M2 wound 12h_18_03_2022_0447.JPG0.141 4.363 0.259 0.089
M3 wound 12h_18_03_2022_0450.JPG0.128 3.968 0.087 0.079

12h V1 wound 12h_18_03_2022_0440.JPG0.278 8.603 0.31 0.143 0.21466667 0.07557998 6.64866667 2.3397445
V1 wound 12h_18_03_2022_0442.JPG0.131 4.056 0.089 0.079 V
V3 wound 12h_18_03_2022_0443.JPG0.235 7.287 0.313 0.117
M1 wound 12h_18_03_2022_0446.JPG0.17 5.258 0.281 0.121 0.249 0.14031037 7.70566667 4.34731231
M2 wound 12h_18_03_2022_0447.JPG0.411 12.725 0.422 0.137 Mock
M3 wound 12h_18_03_2022_0450.JPG0.166 5.134 0.258 0.252
15 variance, 1 threshold
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Figure 24 & 34: Angiogenesis assay 

 

Wound healing assay
HUVEC June Area mm^2 Area % Width mm Std Dev Avg area mm^2Avg Area % 11 Avg area mm^2Avg Area %

1 A2.JPG 0.02 1.423 0.083 0.044 0.05733333 5.67866667 A 0.05733333 5.67866667
4 A3.JPG 0.083 8.81 0.199 0.041 Alginate 0.07733333 7.845
5 A100.JPG 0.069 6.803 0.173 0.048 Chitosan 0.03366667 3.22966667
6 ALG1.JPG 0.11 11.006 0.168 0.103 0.07733333 7.845 Mock 0.20666667 19.318
9 ALG2.JPG 0.075 7.034 0.068 0.197 BV-VEGFA 0.032 2.82666667

10 ALG3.JPG 0.047 5.495 0.052 0.116
24 Chit mp1.JPG 0.054 5.027 0.141 0.069 0.03366667 3.22966667 bv-v vs mock P(T<=t) one-tail0.02432025
28 Chit mp2.JPG 0.025 2.456 0.115 0.056 chit vs mock P(T<=t) one-tail0.0108592
29 Chit mp3.JPG 0.022 2.206 0.08 0.062 alg vs mock P(T<=t) one-tail0.01943851
19 MOCK2.JPG 0.258 24.453 0.358 0.157 0.20666667 19.318 chit vs alg P(T<=t) one-tail0.01358778
20 MOCK3.JPG 0.144 13.863 0.222 0.096 alg vs bv P(T<=t) one-tail0.15371269
39 MOCK1.JPG 0.218 19.638 0.266 0.089 chit vs bv P(T<=t) one-tail0.45181449
31 v1.JPG 0.005 0.438 0.048 0.019 0.032 2.82666667
33 v2.JPG 0.006 0.562 0.039 0.019
34 v3.JPG 0.085 7.48 0.183 0.071

3 AN1.JPG 0.039 3.526 0.133 0.069 0.03333333 2.91266667
6 AN2.JPG 0.037 3.027 0.096 0.119
8 AN3.JPG 0.024 2.185 0.073 0.04
9 ANV1.JPG 0.075 7.2 0.249 0.109 0.055 5.50166667

11 ANV2.JPG 0.018 1.521 0.071 0.043
13 ANV3.JPG 0.072 7.784 0.154 0.112
17 ANVD1.JPG 0.083 7.827 0.174 0.084 0.04266667 4.002
21 ANVD2.JPG 0.025 2.221 0.09 0.065
23 ANVD3.JPG 0.02 1.958 0.1 0.036
27 ARG1.JPG 0.057 4.999 0.098 0.032 0.05766667 5.096
30 ARG2.JPG 0.055 4.826 0.146 0.114
33 ARG3.JPG 0.061 5.463 0.125 0.066
36 AV1.JPG 0.025 2.043 0.079 0.061 0.108 9.79233333
37 AV2.JPG 0.285 25.889 0.372 0.162
42 AV3.JPG 0.014 1.445 0.057 0.062
46 LNAME.JPG 0.228 19.37 0.327 0.173 0.11533333 10.271
52 LNAME2.JPG 0.052 5.34 0.176 0.083
55 LNAME3.JPG 0.066 6.103 0.194 0.072
58 N1.JPG 0.009 0.825 2.62E-04 0.067 0.01433333 1.32833333
61 n2.JPG 0.019 1.748 0.055 0.043
64 N3.JPG 0.015 1.412 0.069 0.052
66 NV1.JPG 0.023 2.098 0.079 0.043 0.02033333 1.77066667
70 NV2.JPG 0.014 1.192 0.054 0.063
72 NV3.JPG 0.024 2.022 0.122 0.062
76 PAM1.JPG 0.046 3.99 0.09 0.072 0.082 6.79433333
78 PAM2.JPG 0.031 2.481 0.101 0.067
87 PAM3.JPG 0.169 13.912 0.236 0.131

02-Aug angiogenesis assay
Name Analysed areaNb extreme Nb nodes Nb junctions Nb master junctionNb master segtot. master seg lengthNb meshes total meshes area Nb peaces Nb segmentsNb branches Nb isol. Seg total length total branching length total seg lengthtotal branches lengthtotal isolated branch lengthbranching interval mesh index mean mesh size
ADAM1 1998700 26 49 16 27 61 14253 10 472610 59 41 10 8 26964 21808 15961 5847 5156 1596.1 527.889 47261
Screenshot 2022-11-24 at 1.56.53 PM-tr4170628 46 146 41 36 79 36487 20 1342978 101 70 18 13 49441 43810 38303 5507 5631 2127.944 1013.528 67148.9
Screenshot 2022-11-24 at 2.02.58 PM-tr4099608 56 133 40 34 76 34252 23 1970212 108 70 22 16 51540 48536 35964 12572 3004 1634.727 1007.412 85661.4
Screenshot 2022-11-28 at 2.00.55 PM-tr3166016 46 116 36 29 78 22388 22 711699 99 66 20 13 39866 33707 23803 9904 6159 1190.15 772 32350
AN 4034756 78 134 39 52 129 36961 22 900493 140 89 24 27 51459 44663 40853 3810 6796 1702.208 710.788 40931.5
Screenshot 2022-11-24 at 2.27.02 PM-tr4044740 71 154 45 37 95 35777 26 951004 132 82 31 19 57320 50295 39731 10564 7025 1281.645 966.946 36577.1
Screenshot 2022-11-24 at 2.46.56 PM-tr3886248 29 894 258 157 280 37551 121 2374534 399 371 27 1 39806 39701 37607 2094 105 1392.852 239.178 19624.2
Screenshot 2022-11-28 at 2.06.09 PM-tr3041096 55 142 39 31 72 20494 16 435269 110 68 28 14 39533 31373 23273 8100 8160 831.179 661.097 27204.3
ANV 3934168 67 121 35 31 75 35930 21 1621915 107 62 23 22 51828 42744 38131 4613 9084 1657.87 1159.032 77234
Screenshot 2022-11-24 at 2.56.46 PM-tr3863356 64 93 30 34 85 33737 17 991204 106 65 18 23 49866 42476 36477 5999 7390 2026.5 992.265 58306.1
Screenshot 2022-11-24 at 3.04.03 PM-tr3989196 91 158 49 38 107 37328 30 1106917 159 99 29 31 59004 46918 41909 5009 12086 1445.138 982.316 36897.2
ANV_8308-tr 3498357 45 125 39 28 61 23385 22 1166016 91 59 19 13 40804 34369 23764 10605 6435 1250.737 835.179 53000.7
AV_8289-tr 3498357 88 1333 382 183 360 39284 175 1802443 615 543 56 16 44791 43722 39982 3740 1069 713.964 214.667 10299.7
AV_8290-tr 3498357 32 146 46 33 68 27454 21 960771 98 74 16 8 43906 39774 28563 11211 4132 1785.188 831.939 45751
AV_8291-tr 3498357 36 174 51 47 99 30378 27 624290 120 90 24 6 44221 40091 32911 7180 4130 1371.292 646.34 23121.9
AV_8292-tr 3498357 62 989 284 130 268 45659 141 1824418 449 408 26 15 50213 48631 46086 2545 1582 1772.538 351.223 12939.1
Mock_8316-tr 3498357 26 119 35 24 56 20425 14 323471 84 63 16 5 30007 28117 21666 6451 1890 1354.125 851.042 23105.1
Mock_8320-tr 3498357 39 86 26 19 39 20373 10 501686 72 45 15 12 27264 26432 20874 5558 832 1391.6 1072.263 50168.6
Mock_8322-tr 3498357 57 143 43 23 55 17088 17 216118 106 67 21 18 23298 21166 17488 3678 2132 832.762 742.957 12712.8
Mock_8323-tr 3498357 41 83 25 16 39 16226 16 198399 67 42 9 16 25341 23621 16798 6823 1720 1866.444 1014.125 12399.9
NOS3_8272-tr 3498357 46 801 237 123 234 41370 107 1896512 378 341 30 7 47855 46962 41566 5396 893 1385.533 336.341 17724.4
NOS3_8274-tr 3498357 36 54 16 26 64 16726 9 628687 60 37 10 13 32719 21921 18378 3543 10798 1837.8 643.308 69854.1
NOS3_8275-tr 3498357 59 1027 298 155 296 45367 140 2008089 477 427 41 9 50949 50108 45586 4522 841 1111.854 292.69 14343.5
NOS3_8276-tr 3498357 37 91 25 24 63 18906 14 630777 77 52 13 12 37415 27885 20166 7719 9530 1551.231 787.75 45055.5
NV_8295-tr 3498357 39 62 17 18 53 18312 11 822136 66 39 15 12 37485 28959 20367 8592 8526 1357.8 1017.333 74739.6
NV_8299-tr 3498357 42 109 32 36 87 25427 18 673368 102 71 20 11 40797 36662 28284 8378 4135 1414.2 706.306 37409.3
NV_8300-tr 3498357 74 540 149 76 146 39596 72 1587748 268 215 32 21 50425 47113 40034 7079 3312 1251.062 521 22052.1
NV_8301-tr 3498357 116 1013 295 131 261 41448 123 1844154 505 414 68 23 50312 48361 42065 6296 1951 618.603 316.397 14993.1
VEGF_8278-tr 3498357 56 1076 294 136 276 46552 139 2061132 470 424 36 10 52019 51221 47435 3786 798 1317.639 342.294 14828.3
VEGF_8279-tr 3498357 95 1627 464 218 440 53625 216 2195739 748 668 67 13 61109 59604 54747 4857 1505 817.119 245.986 10165.5
VEGF_8280-tr 3498357 66 104 30 46 107 26640 17 713101 125 81 22 22 43992 35533 30241 5292 8459 1374.591 579.13 41947.1
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